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PREFACE TO THE FIRST EDITION

HE following pages reproduce in substance a course of lectures
delivered at Cambridge. The lack of any published work

planned on similar lines has encouraged me to offer them
to a wider circle of students.

Metamorphism is here conceived, not as a status, but as a process
viz. a progressive change in response to changing conditions of te
perature and stress. In the first part of the book high tempera. e
alone is the ruling condition. This is the case of ‘contact meta-
morphism ’, which has usually been treated as an isolated phenomenon.
Here, on the contrary, a study of purely thermal metamorphism is
regarded as the natural line of approach to the more complex problem
in which the dynamic factor enters in conjunction with the thermal.
This general case (regional metamorphism) is the main subject of
Part II. In discussing it I have given special prominence to the
controlling influence of shearing stress, as distinguished from uniform
_pressure, which also has its part. Another factor to which I attach
a certaln importance is the mechanical generation of heat by the
crushing of rocks. In the final chapter the varicus retrograde changes
which may partly undo the work of metamorphism are only briefly
noticed.

The subject being metamorphism, not metamorphosed rocks,
detailed petrographical description has been reduced to a minimum,

~ but its place is partly supplied by a large number of figures drawn
from the microscope. Considerations of space forbid the insertion
of ehemical analyses : a useful collection of these is contained in a
,recent publication of the Geological Survey.

In choosing examples mainly from British sources, I am far from
undervaluing the work of the many distinguished Continental petro-
logists who have contributed to our knowledge of metamorphism.
Rather has it been my design to show that this country enjoys peculiar
advantages as a field for research, and that British workers have not
wholly neglected the opportunities so liberally offered. .

A H.
St. JorN’s CorLeGE, CAMBRIDGE
October, 1932



NOTE ON THE SECOND EDITION

” I AHE late Dr. Harker completed the revision of the text of
his book only a few weeks prior to his death. His intention
to provide a second preface was not to be fulfilled, and it is

at his wish that I have undertaken the revision of the proofs for the

press. Inthe new edition the original plan, and so far as possible the
original text, have been preserved, but opportunity has been taken to
make certain minor changes and corrections, and to incorporate
reference to some later researches.
C. E. TILLEY.
CAMBRIDGE,
August, 1939.
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PART 1
THERMAL METAMORPHISM

CHAPTER I
THERMAL METAMORPHISM : GENERAL CONSIDERATIONS

Scope of Subject—Plan of Treatment—Agents of Metamorphism—Conditions
Controlling Thermal Metamorphism—Atiainment of Chemical Equilibrium.

SCOPE OF SUBJECT

THE term ‘metamorphism’, ie. change of form, is understood in
geology as having reference to molecular and atomic configuration,
as well as to visible shapes and relations; and it comprises therefore
both mineralogical and structural rearrangements in rock-masses.
Every branch of geology is, in fact, largely concerned with the pheno-
mena of change in the material world, and it is evident that a study of
rock-metamorphism, in the fullest sense of the word, would embrace
a large part of the whole subject-matter of petrology. As conceived
in the following pages, and in the usage of most petrologists, its scope
is much less comprehensive, and it will be proper therefore to define
at the outset the limitations to be observed.

The fundamental principle to be assumed as axiomatic is that the
internal changes which take place in a rock are a response to changes
in external conditions, and are to be interpreted as an effort to re-
establish equilibrium under the changed conditions. The conditions
which are relevant in this connexion are two : viz. temperature and
stress. The province of metamorphism, as here understood, can then
be defined as follows. We take as point of departure the various types
of rocks known to us, such as can be handled and subjected to direct
examination; ie. rocks at ordinary atmospheric temperature and
sensibly free from stress. We shall endeavour to follow the changes
induced in like rocks where they have been exposed in nature to more
or less elevated temperature and more or less intense stress. Since
the two conditions are, at least theoretically, independent, we may
distinguish thermal metamorphism, consequent upon rise of tempera-

M.—1 1



4 GENERAL CONSIDERATIONS

groups, but ¢ contact * (i.e. purely thermal) metamorphism is definitely
excluded. The crystalline schists are regarded as constituting a distinct
great class of rocks, co-ordinate with the two other classes, igneous
and sedimentary, their relation to these being consequently ignored.

While the descriptive method is rooted in the conception of meta-
morphic rocks as a distinet class of rocks defined by certain characters,
that which I have called the genetic method starts from the idea of
metamorphism as a certain class of changes, which may affect rocks of
any kind and alter their characters. In its origin it attaches itself to
the Huttonian doctrines as developed by Lyell, to whom the word
metamorphism is due, and with the tenets of that school the notion
of gradual progressive change was entirely in harmony. That from
this logical starting-point no serious advance was made, is to be
ascribed in part to that unfortunate neglect of the chemical and
petrographical side which was long the reproach of British geology ;
but in truth little could have been accomplished on these lines with
the knowledge then at command. The rapid development of physical
chemistry in later years, and the successful application of the experi-
mental method to the problems of petrology, have greatly altered the
situation. On the foundation now being laid there may not improbably
be built up in the future a complete theory of metamorphism on a
rational and genetic basis.!

The first serious attempt to discuss the process of metamorphism
in relation to first principles was made by Van Hise,? ; but the scope
of his work is far wider than that here adopted, and a considerable
part of his massive volume is devoted to such subjects as weathering,
cementation, and ore-deposits. The later work of Leith and Mead 3
is conceived on a plan no less comprehensive.

An important contribution to the theory of thermal metamorphism
has been made by Goldschmidt * in a memoir dealing primarily with
the Oslo district. He makes direct application of the Phase Rule
to determine the possible associations of minerals in a metamorphosed
rock of given total composition. A rock completely metamorphosed
in presence of a pervading solvent is regarded simply as a  condensed ’
system of » components, and it is deduced that the number of distinct
minerals which can exist together in equilibrium is then #, or at an

! Harker, Anniversary Address to the Geological Society, Quart. Journ.
Geol. Soc., vol. xxiv (1919), pp. Ixiii-lxv.

2 4 Treatise on Metamorphism, Monog. alvii U.S. Geol. Sur. (1904).

3 Metamorphic Geology : a Text-book (1915). )

* Die Kontaktmetamorphose wm Kristianiagebiet, Vidensk. Skr. (1911). See
also Zeifs. Anorg. Chem., vol. Ixxi (1911), pp. 313-22.



THE AGENTS OF METAMORPHISM 5

invariant-point # — 1. The assumption of true chemical equilibrium
cannot be universallv admitted. and other assumptions underlying
the author’s reasoning have been criticized. To demur to Gold-
schmidt’s argument. however, is not necessarily to combat his specific
conclusions, which are generally supported by the observed facts;
and the classification of different tvpes of * hornfels” to which he is
led is of service as an ideal scheme. Nevertheless, since its application
is only to rocks which have suffered total reconstruetion, it throws no
light upon metamorphism regarded as a progressive process.
Although we possess at present no complete theory of meta-
morphism based directly upon accepted principles, it is possible at
least to prepare the way for such svstematic treatment by marshalling
observations and inferences with this ideal constantly in view. Such
is the design of the present work, which to that extent may profess to
aim at a rational or genetic treatment of the subject. Laboratory
experiment, which has so greatly enlarged our understanding of the
genesis of igneous rocks, is already being applied to some questions
important in relation to metamorphism ; while the known laws of
physics and chemistry, based ultimately upon experiment, are always
at our service.! Help from these quarters comes to supplement and
reinforce the results of geological and petrographical inquiry ; and it
is by combining all these resources that we may best hope to gain an
insight into the processes of rock-metamorphism. A philosophical
treatment of the subject as a whole is not yet among things possible.

THE AGENTS OF METAMORPHISM

We read in the older text-books of geology that rocks are meta-
morphosed by the agency of heat and pressure, to which is commonly
added the presence of water. The part played by water will be
discussed later : regarded strictly, it is not to be reckoned among the
controlling conditions of metamorphism, but makes part of the material
in which metamorphism operates. For the rest, since we are concerned
at present, not with the question of energy, but with the conditions of
equilibrium, we may interpret ‘ heat’ to mean rise of temperature.
The remaining factor calls for more particular consideration.

The term ° pressure’, as loosely used by the older writers, ignores
a distinction which it is of the first importance to observe. On the
one hand, the pressure at every point within a body may be the same
in all directions. Since this is the only type of pressure-distribution
that can be maintained in a fluid, it is conveniently distinguished as

1 For a useful summary of these see Johnston and Niggli, Journ. Geol., vol.
xxi (1913), pp. 481-516, 588-624.



6 GENERAL CONSIDERATIONS

hydrostatic pressure, and in discussing the behaviour of liquids and
gases the word pressure can usually be employed without ambiguity.
This is true also of the customary operations of the laboratory, and
the chemist can generally regard temperature and (hydrostatic)
pressure as completely determining the conditions to which a given
system is subjected. In metamorphism, however, we have to do with
changes which proceed in the heart of a solid rock, and a solid is
capable of sustaining pressure which, at a given point, is different in
different directions. This is tantamount to saying that a solid, unlike
a fluid, can sustain shearing stress. A simple analysis shows that any
non-uniform pressure at a point within a solid body is equivalent to
a simple (hydrostatic, pressure together with certain shearing stresses.1
This mode of presentation is adopted in mechanics in discussing the
correlation of stress and strain, because the ‘ modulus of compression ’,
which connects uniform pressure with voluminal compression, and the
‘ modulus of rigidity ’, which connects shearing stress with deformation,
are two independent constants. It is not less necessary in discussing
molecular and atomic rearrangements within a body effectively solid,
for here too the influence of simple pressure and of shearing stress
must be carefully discriminated. The influence of hydrostatic pressure
upon various transformations and chemical reactions can be expressed
in terms of simple laws, but concerning the influence of shearing stress
in this field much yet remains to be learnt. This is the more to be
regretted, since shearing stress is undoubtedly a factor of great moment
in controlling mineralogical changes in metamorphism, as it manifestly
is also in respect of structural rearrangement.

In the following pages pressure, without qualification, will be
understood to mean pressure of the simple hydrostatic type. The
term siress properly comprises both pressure and shearing stress, but
there will be little risk of misunderstanding if it is often employed
for brevity in place of shearing stress.

The mathematician’s analysis of stresses and strains is strictly
applicable only to a homogeneous and isotropic body, and it is easy
to see that uniform compression and pressure are not theoretically
possible in a crystalline rock. If a cube of granite be subjected to
uniform pressure from without upon its six faces, its mechanical status
is different from that of a cube of glass under like external forces.
Quartz and felspar are not equally compressible, and the compressi-
bility of each crystal is different in different directions. The granite
therefore cannot yield without some internal deformation and the

1 Thomson and Tait, T'reatise on Natural Philosophy, art. 682, and see below,
Chapter X.
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setting up of shearing stress. The same result follows from expansion
or contraction with change of temperature. The point to be observed
concerning these internal stresses is that, besides being of no great
magnitude, they have no common direction, since the crystals lie in
all ways indifferently. Consequentlv stress is in great measure
annulled by mutual compensation. The small balance can be re-
lieved by slight slipping of one crvstal against another, by the opening
of cleavage-cracks. by ° gliding’ in the crystals of some minerals
and bending in others, without appreciable change in the structure
of the rock as a whole. Experiment shows indeed that the mechanical
behaviour of a crystalline rock is, in the gross, much like that of an
isotropic body, and that it conforms rather closely with Hook’s law.1

Of a very different order are the shearing stresses set up in rock-
masses in response to the powerful external forces which arise in
connexion with orogenic movements. The magnitude of these stresses
is limited only by the crushing strength of the rocks, and in fact this
limit is very often reached. Moreover, since the stresses here have
a common direction, imposed by the external force-distribution,
there is no mutual compensation. Relief can come only from very
radical changes in the rock, which almost always involve mineralogical
as well as structural rearrangement. The mineralogical changes
induced under stress are dependent also on temperature, but we
shall see that they differ in general from those changes which would
take place at like temperatures in the absence of the stress factor.

Since the absence or presence of any important shearing stress is
of prime significance in determining the mineralogical changes which
follow when rocks are subjected to rise of temperature, and since it
must evidently be of capital importance also in relation to the setting
up of new structures, the distinction so implied will properly determine
the plan of treatment of the whole subject. The first part of this
volume will deal accordingly with thermal metamorphism, not com-
plicated by the stress factor ; the latter part will be devoted to meta-
morphism in which shearing stress enters as a ruling condition, with or
without significant rise of temperature.

CONDITIONS CONTROLLING THERMAL METAMORPHISM

Shearing stress being absent or negligible, the factors which control
thermal metamorphism are temperature and pressure (in the hydro-
static sense). Logically the two are co-ordinate, but in most cases

1 Adams and Coker, An Investigation inio the Elastic Constants of Rocks,
More Especially with Reference to Cubic Compressibility, Carnegie Inst., Wash-
ington (1906).
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a very moderate change of temperature is as effective as a very great
change of pressure. For most purposes, therefore, we may regard
the former as the dominant factor and pressure as merely modifying
the influence of temperature. The grounds for this assertion will
appear, if we examine very briefly and in general terms how various
physical and chemical changes are dependent upon these two ruling
conditions.

In the first place, a given mineral, supposed for simplicity to
possess a stoichiometric composition, has a definite temperature-range
of stability. When one of the limiting temperatures is passed, the
mineral must undergo change, if equilibrium is to be maintained :
alternatively, it may persist as a metastable form. The limiting
temperatures include melting-points, inversion-points of dimorphous
compounds, and dissociation-points. Dry fusion has no part in meta-
morphism, but an inversion-point in reversible dimorphism is strictly
analogous to a melting point, and its dependence on pressure is
expressed by the simple relation :—

aT T

@ - (vcx - Ilﬁ) I’
where T is the inversion-temperature reckoned from absolute zero, p
is the pressure, L is the latent heat of inversion, and the expression in
parentheses is the difference of specific volume between the higher and
lower forms. The change from lower to higher is therefore promoted
or retarded by increased pressure, according as it is accompanied by
contraction or expansion. If the volume-change is small, pressure
will have little effect, except in the possible case of the heat-change
being also very small. Inversion may be greatly promoted, in the sense
of its rate being accelerated, by the presence of some other body ; but
the inversion-temperature is not altered, unless this other body enters
in solid solution. In irreversible or monotropic dimorphism there is
no inversion-point : the lower form is merely metastable, and exists
only by reason of an infinitesimally slow rate of inversion. Rise of
ternperature, by accelerating the rate, may bring about the change,
but not at any determinate temperature. Here, too, a catalyser may
greatly promote the change to the stable form.

Solution again is in all respects analogous to melting. The solu-
bility of a given mineral in a given liquid is a function of temperature
and pressure. It is increased or diminished by rise of temperature,
according as heat is absorbed or liberated in the act of solution. The
former is the more usual case, but we possess few data for rock-forming
minerals. Increased pressure augments or diminishes solubility,
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according as the volume-change and the heat-chafige in solutiop gre
of opposite signs or like sign ; but the little that is’knowh front exper- -
ment suggests that, for solution of a solid in a liquid pressure is not
usually of great moment.

In considering chemical reactions as controllea py—tempezature
and pressure, we must distinguish between a balanced reaction®and one
which proceeds to completion. Suppose, first, that the total compo-
sition of the system remains unchanged, and consider a balanced

reaction of the type:
A+ B=C+D,

where the letters represent single molecules of the four phases involved.
The equilibrium arrangement is determined by the mass-action
equation :

[4]1[B] = K[C][D].

where {47 stands for the concentration of 4, ete., and K, the reaction-
constant. is a function of temperature and pressure. Its dependence
upon these is such that a rise of temperature drives the reaction in
that direction which involves absorption of heat, and an increase of
pressure drives it in the direction that involves diminution of volume.
If only solid and liquid phases be present, the volume-change is seldom
very considerable, and only a very great pressure will have any sensible
influence. It is otherwise when a gaseous phase is involved. Pressure
will then have a very pronounced effect, in the sense of resisting the
reaction by which the gas is liberated.

Suppose now, on the other hand, that one of the four phases can
pass out of the system. There can then be no balance, but the reaction
will proceed continually in one direction until that body is eliminated.
Thus, if D be a gas, and if the circumstances be such that it can escape,
the reaction will be driven in the direction from left to right until
A4 and B are exhausted and C alone remains. The result will be the
same if the reaction is one between bodies in solution and D isinsoluble,
5o that it passes out of solution as soon as it is formed. Again, if
all four bodies be soluble in different degrees, a like situation is
reached as soon as the least soluble body arrives at the point of
saturation.

It may be laid down summarily, that the changes which are
promoted by rise of temperature are those which involve absorption
of heat, and the changes which are promoted by increase of pressure
are those which involve diminution of volume. If the latter of these
two general laws is more frequently cited than the former, it is perhaps
because the volume-change is more easily calculated than the heat-
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change. The ¢ Volume Law ’ in its application to metamorphism may
be illustrated by an example borrowed from Becke. In the equation :

Mg,Si0, + CaAly(8i0,), = CaMg,Al(Si0,);

Forsterite Anorthite Garnet
the molecular volumes on the left side are 43-9 4 101-1 = 145-0, and
on the right 125-8, giving a diminution of volume to the amount of
13 per cent. Here the molecular volumes are computed from the
specific gravities of the minerals in the laboratory, and would be
greater at higher temperatures, but would doubtless still show a
difference of the same order. It follows that, if the reaction indicated
is a possible one, it will be very sensibly aided by high pressure. It
must be remembered, however, that the Volume Law merely formulates
the effect of pressure as considered apart from other factors. We
shall see later that its importance has sometimes been exaggerated by
attributing to uniform pressure effects which are really connected with
unequal pressure and shearing stress. It is doubtless very generally
true that rocks are denser after metamorphism than before, but this
cannot be credited wholly to the cause in question. Expulsion of
volatile substances will tend to the same result.

ATTAINMENT OF CHEMICAL EQUILIBRIUM

There are other considerations to be weighed before we can with
confidence apply the data of chemistry to concrete problems in rock-
metamorphism. The investigations of the physical chemist are usually
directed to determining the equalibrium configuration of a given system
under varying conditions of temperature and pressure. But, while the
changes induced in a rock in metamorphism are always in the direction
of restoring equilibrium, we are not entitled to assume that equilibrium
is necessarily established. It is certain that it is not always realized
even when a rock has been totally reconstituted, and to the lower
grades of metamorphism the limitation applies with greater force.
This does not remove metamorphism from the province of chemical
science, but it does counsel caution in the application of simple laws
to complex cases. In another field, that of the crystallization of
molten rock-magmas, we know that the imperfect attainment of
equilibrium has far-reaching consequences, but it has not been found
impossible to include these consequences in the general scheme of
petrogenesis. Various features of metamorphosed rocks, notably the
comparative rarity of zoned crystals, seem to indicate that equilibrium
is here more promptly attained, or more closely approached, than in
a crystallizing magma. The magma has the advantage of freer
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diffusion, but this is more than counterbalanced by the fact that
crystallization there proceeds with falling temperature, while the
reverse is the case in metamorphism. It is a capital principle, to be
abundantly illustrated in our study of metamorphism, that equilibrium
is reached or approached far more promptly with rising temperature
or increasing stress than with falling temperature or declining stress.
Doubtless many of the chemical reactions characteristic of rock-
metamorphism are theoretically reversible, but for the most part they
are not in fact reversed when the conditions which induced them have
passed away. Minerals belonging to the higher grades,! instead of
reverting to other products, more usually remain to indicate, as it were,
the high-water mark of metamorphism. Were it otherwise, any study
of the subject on the petrographical side would be impossible, since
it would have little material to work on.

The matter can be discussed in terms somewhat more definite. In
addition to the data of temperature, pressure, and concentration,
which theoretically determine a certain chemical reaction, we must
take account also of the rate of reaction, and must recognize that the
rate is in some cases excessively slow. Ifit be so slow as to be negligible
the sensible result is that the reaction does not take effect. The
comparison here is between the rate of reaction and the time during
which the conditions favourable to it are maintained : an unlimited
lapse of time after those conditions have ceased will be of no avail.
The rate itself is dependent upon the conditions, and especially upon
the temperature. According to Johnston and Niggli, it may be
doubled by a rise of 10°, while a rise of 100° may perhaps increase it a
thousand-fold and 200° a million-fold. For this reason it is chiefly
in the lower grades of metamorphism that complication arises from
the non-adjustment of equilibrium. Concerning the influence of stress
upon the rates of reactions we know little, but it is probable that simple
pressure is without sensible effect. More important is it to observe
that a rate of reaction may be greatly accelerated by the presence
of some body which apparently does not itself take part in the reaction,
or at least does not enter into the resulting products. We are probably
to infer that it plays an essential part in some intermediate reaction
and is finally set free. Whatever be the true nature of this ‘ catalytic ’
action, it certainly has its importance in metamorphism. If by its
means a rate, otherwise insensible, becomes sensible, the practical
effect is that the catalyser induces a reaction which would not take
place in its absence.

The change in the imposed conditions, temperature and pressure,

1 The word ‘ grade ’ will be used always with reference to temperature.
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which determines metamorphism, is a gradual and continuous change.
If chemical equilibrium were constantly maintained, mineralogical
reconstruction would likewise proceed steadily and continuously,
keeping pace with the changing conditions. Something like this we
may suppose realized in the higher grades of metamorphism, where
rates of reaction are accelerated by high temperature. In the lower
grades this cannot in general be true, for the process does not commonly
start from equilibrium. The given rock, which we take as our point
of departure, has in fact a past history. If, for instance, it be an
igneous rock, some of the high-temperature minerals which compose
it are not truly stable under the actual conditions, but survive only in
virtue of that chemical inertia which has been indicated. If it be a
sedimentary Tock, the several minerals may be individually stable,
but notin true equilibrium with one another. They remain unchanged
merely because, under the actual conditions, the rate of any possible
reaction is so small as to be sensibly 7:l. This is the case known as
‘ false equilibrium ’.

The conception of metamorphism to be kept constantly in mind
is that of something progressive. In response to rising temperature
the substance of a given rock passes through a certain sequence of
transformations, the stage actually reached depending upon the highest
temperature attained. In the original rock, however, there are, in
the most usual case, some constituents which are more susceptible of
change than others, in the sense of being affected at an earlier stage
of the rise of temperature. They may dissociate, or react with one
another, or merely recrystallize. In an early grade therefore such a
rock is only partially metamorphosed. It consists partly of new and
recrystallized minerals, partly of residual minerals still intact. With
continued rise of temperature these are in turn drawn into the sphere
of the processes of metamorphism ; so that in any advanced grade the
rock may be regarded as totally reconstituted. The only noteworthy
exception is that of the highly refractory mineral zircon, which can
even survive complete dissolution of a rock which contained it.

The changes which take place in the earlier stages of metamorphism
depend, then, upon the nitial mineralogical constitution of the rock;
but in an advanced grade all is determined by the total chemecal com-
posttion, in conjunction with the given conditions of temperature and
pressure, the past history of the rock being no longer relevant. When
amew mineral has once come into being, or an old one has recrystallized,
it isstill, potentially atleast, a party to all that happens thereafter with
further rise of temperature. It may be called in a sense alive, in that
it responds freely to suitable stimulus from without. Through the
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medium of a common solvent—a matter which we have yet to consider
—the several minerals present are maintained in chemical equilibrium
with one another by a large number of balanced reactions among them.
These reactions are balanced at any given temperature : rise of tem-
perature displaces the balance, and may bring into play new reactions.

By rejuvenation of the several minerals, together with reactions
between them. a rock, once reconstituted, is still being continually
made over again with advancing metamorphism. The student should
guard against importing into the discussion of metamorphism the
conception of an  order of erystallization °, which is a prominent feature
of igneous rocks. Even in the crystallization of a molten magma,
conducted with falling termperature, it would be an error to suppose
that a mineral, once crystallized, passes out of the province of chemical
reactions : we know that it is sometimes resorbed or dissociated at a
later stage. In metamorphism, which proceeds with rising tempera-
ture, such readjustment is not an exceptional but a universal incident,
and the several constituents of a metamorphosed rock, apart from
residual minerals, if any, are in effect of simultaneous crystallization.
We have next to consider the mechanism by which this continual
building anew of the rock is effected.



CHAPTER 1I

THERMAL METAMORPHISM: GENERAL CONSIDERATIONS
(continued)

The Rdle of Solution in Metamorphism—Limit set to Diffusion—Aureoles of
Thermal M etamorphism—~Some Illustrative Areas—Vitrification of Shales and
Samdstones.

THE ROLE OF SOLUTION IN METAMORPHISM

WHEN in discussing the processes of metamorphism, we speak of a
chemical reaction between two minerals, such as calcite and quartz,
we are using an elliptical expression. No sensible reaction can in
general be verified at the contact of two crystalline bodies.! We are
to suppose that the bodies in question enter into solution, and there
suffer dissociation and reassociation, the new products finally passing
out of solution. Even recrystallization of a single mineral, where no
chemical reaction isimplied, must usually be brought about by solution.
The presence of some solwent medium pervading the rocks is therefore
to be presumed as an essential part of the mechanism of metamorphism
of any kind.

It is no less important to observe, however, that the solvent must
be present in gemeral only in wvery ewviguous quantity. The kind of
solution to which we make appeal is a local and temporary solution.
Bodily" dissolved, a rock would lose its identity, yielding not a meta-
morphosed product but a totally new rock. In thermal metamorphism
at least, the preservation of various residual structures, such as the
banding in sediments or the ophitic and other characteristic peculiari-
ties of igneous rocks, shows that the rocks have in fact maintained their
identity throughout the process. We are then to conceive a rock which
suffers metamorphism as being worked over gradually and piecemeal
by the very small quantity of solvent present, which is continually
set free to act upon new portions of the rock. If metamorphism is a

1 An interesting paper by N.W. Taylor and F. J. Williams treats of * Reactions
between: Solids in the System CaO—MgO—SiO,’. Here, however, the lime and
magmesia were introduced as carbonates, yielding abundant carbon dioxide to
act as a solvent ; Bull. Geol. Soc. Amer., vol. xlvi (1933), pp. 1121-36.

14
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slow process, this is due, not only to the tardy rate of some of the
reactions involved, but to the small total amount of disposable solvent,
which must therefore be used over and over again. When we say
that mineral substances enter into solution, take part there in chemical
reactions, and pass out of solution in new forms, we are not to conceive
that the metamorphism of the rock as a whole falls into these distinct
stages ; but merely that such is the sequence of operations at any one
spot in the rock, and is realized successively at different spots.

This is no imaginary picture. Its truth can be verified in that
type of spotted slates (‘ Knotenschiefer > or ¢ Fruchtschiefer’) which
often figures as the lowest grade of thermal metamorphism in argil-
laceous sediments. When a rock has been completely transformed
in the manner sketched, all trace of the earlier stages of the process
is obliterated ; so that in general all that belongs to solution is a
closed chapter. In the case cited, however, the process has been left
incomplete, local solution having taken place but not the correlative
recrystallization. We then have the opportunity of observing the
course of metamorphism as arrested at an early stage. The type of
spotted slate in question has been studied by Hutchings ! and others.
The essential constituent of the spots is an amorphous, isotropic sub-
stance of a pale yellow colour, which can be regarded only as a glass
(see page 24, Fig. 1, B). It may enclose minute new crystals, e.g. of
rutile, which recrystallizes very readily. The glass, as such, is strue-
tureless, but has sometimes given rise to indistinctly cryptocrystalline
matter, or is beginning to develop a finely flaky structure, with feeble
depolarization. If devitrification has gone farther, there results a
minutely crystalline mosaic which can be partly resolved into mica
and quartz.

The interpretation of these phenomena can scarcely be in doubt.
The first step in the metamorphism was local solution, beginning at
many #solated points within the rock. This should have been followed
by recrystallization, setting free the solvent to attack new portions
of the rock-mass; but the crystallization of silicate-minerals demands
time. In the actual circumstances the temperature attained has been
high enough to initiate local solution, but the duration of the high-
temperature conditions did not suffice for the complementary process
of recrystallization. The dissolved spots passed therefore into a glassy
or largely glassy state, just as an igneous magma will do with rapid
cooling. In this glass, we must suppose, the small quantity of solvent
is itself incorporated.

The principal solvent which officiates in the metamorphism of rocks

! Geol. Mag., 1894, pp. 435, 64-8.
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is doubt lss the omnipresemt water. Most inorganic subsbances are
insormedegree soliblein water, and ingeneral the solubility is increased
by rise of tempenture. Not a few characteristic minerals of meta.-
rorp hisen—micas, chlorites, epidotes, amphiboles, idocrase, etc.—have
hydroxy lor basielwdrogen as part of their constitution. This affords
direct ewidence of the presence of water during the metamorphism,
though ot a measwre of the amount present. It teaches us, too, that
the functin of water is not alvays Iimited to the part of simple solvent,
since it may also participate in chenical reactions. Even when no
part of 3t enters into the final products, it may possibly have taken
part inimtermed jate reactioms. If wecompare rocks in different grades
of m etamorphisam, <we see that water enters to a less extent into the
constitition of the zew minerals at the higher temperatures. This
aay be compared with the aystallization of an igneous magma, con-
ducted Jikewise it presence of water but with falling temperature,
"There the earlier products of crystallization are all anhydrous ; such
minertals a3 hormblendes and micas come later; and minerals rich in
water, suwh as am.ldme, appear only in the dosing stages.

Whike the chenical action of wateris essential to the production
of particuar mimeals of metanorphismn, its solvent action is universal,
and may be repaded asits prime fumetion. We find therefore no
place bra special Type of ‘hydrothermal metanmorphism’, as distin-
guishel by somae gelogists.  With water -as the chief solvent are
associsted othexr sxbstances, which have a less general distribution,
and fige re usual Iyin much smaller quantity. Here are to be reckoned
Tborates, fluoridess,chlorides, carbon dioxide, and others of less import-
ance. IBing mor potentsolvents tha.n water, they may perhaps play
a part by no rmams negligble, even when present in very minute
quantits. It may be supp osed, too, in view of their greater chemical
activity . that th eyiake partin essential chemical reactions to a greater
extentthin watercdoes. Direct evidence of their action is seen where
some pa1t of the borm, fluorine, ete., has become fixed in certain new
minenls; but the absente of such material trace does not preclude
the posibility thit these a ctive bodies have had a share in the meta-
morphism, whether as cabalysers or merely as solvents.

The caitical termperature of water is 374° C., and this figure wil
ot bermuch raXsel by a sanall admixbure of other volatile substances.
The ciitical presssireis for pure water about 200 atmospheres, equiva-
Ient to mbout 2500 feet of rocks. It appears then that, while, under
the ordi nary comditions of thermal metamorphism, the solvent medium
Tnay- po ssibly rema.in in the liquid state up to a temperature in the

ighbowhood of 400°, we must suppose it to be gaseous at higher
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temperatures, and therefore in any really advanced grade of meta-
morphism. The solvent power of liquid water falls off rapidly as the
critical point is approached, but there seems to be little information
concerning the properties of gaseous water above that point. It is
true that many experiments are on record in which various sub-
stances have been heated with water in sealed vessels,! and from these
it appears that numerous minerals have been deposited, as if from
aqueous solution, at temperatures well above 400°. It must be remem-
bered, however. that water and the associated volatile bodies, besides
acting as solvents and fluxes, may take part in chemical reactions of
a cyclical kind, i.e. may officiate as catalysers. There is experimental
evidence that gases above the critical temperature have the power of
dissolving non-volatile bodies, and that the solubility increases with
rising temperature.? Although such investigations have not been
extended to the rock-forming minerals, it is shown that silica is soluble
in gaseous water, at least at temperatures above 700° C.
Concerning the source of those special volatile substances which
may co-operate with the water a few words will suffice. We cannot
in general suppose them to be derived from the material of the rocks
which suffer metamorphism. It is true that tourmaline, for instance,
is a widespread constituent of ordinary sediments; but the boric acid
there contained is not only in very small relative quantity, but is
already locked up in a highly stable combination. Detrital tourmaline
recrystallizes readily in metamorphism, but with nothing to suggest
that it enters into special relations with other minerals present. One
class of rocks there is, which in this respect stands upon a peculiar
footing. Partly calcareous sediments undergoing metamorphism are
capable in certain circumstances of liberating abundant carbon dioxide,
and may be said to provide a competent solvent from their own sub-
stance. This is one of the features which invest the metamorphism
of such rocks with exceptional characteristics. Setting aside this
special case, it appears from the mineralogical evidence that the
distribution of volatile substances other than water is of a local kind.
Moreover, it is localized in evident relation to igneous activity. Meta-
morphic minerals containing boron or fluorine or chlorine are found
in general only near igneous intrusions belonging to the epoch of the
metamorphism. At the immediate contact such distinctive minerals
aTe sometimes very abundant, and are clearly related to a pneumato-

1For a useful summary of such experiments see Morey and Niggli, Journ.
Amer. Chem. Soc., vol. xxxv (1913), pp- 1086-1130.

® Greig, Merwin, and Shepherd, Amer. Journ. Sci. (5), vol. xxv (1933),
pp- 61-73 3 Ingerson, Ecwn. Geol., vol. xxix (1934), pp. 454-70.

M—2
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lytic replacement, which has usually affected igneous and metamorphic
rocks incommon. We may infer with confidence that the more active
solvents and mineralizers in metamorphism, carbon dioxide excepted,
are of direct magmatic origin.

This is also true in the main of the water itself, for any extensive
penetration of surface-water into the heated interior crust of the earth
is not an admissible hypothesis. Free circulation is confined to very
moderate depths, and capillarity necessarily ceases at the critica]
temperature.l Inany but quite superficial rock-masses the contained
water must be atiributed to the same ultimate source as the other
volatilebodies. Water, however, being present much more abundantly
in igneous magmas than the rest, comes to have a much more general
distribution in rocks at large. There is evidence that its degree of
concentration varies locally, and that in a manner directly related to
igneous intrusions; but this variation is superposed upon a general
distribution, which has been attained cumulatively during preceding
ages.

® That part of the earth’s crust which is the theatre of metamorphism
is to be conceived therefore as everywhere permeated by a medium
consisting of water with other volatile substances. In all places where
the temperature is above the critical point, and at lower temperatures
where pressures are not high, this pervading medium is in the gaseous
state. In general extremely tenuous, it may attain a more notable
concentration in the neighbourhood of igneous intrusions ; and there
also the more active volatile substances, elsewhere quite subordinate
to water, may acquire enhanced importance.

LIMIT SET TO DIFFUSION

The physical properties of gases at high temperatures and under
great pressures are very imperfectly known ; but we may most pro-
bably conceive the general solvent medium as possessing a high degree
of viscosity, with a density such as we associate normally with liquids.2
Sparingly distributed through the rocks, it is held in capillary and
subcapillary passages and in solid solution in the minerals of the
rocks themselves. In the general case, anything of the nature of free
circulation is quite precluded. In the shallowest levels of the earth’s
crust, where such circulation is possible, water acts as a carrier pro-
moting hydration, oxidation, dolomitization, and many other processes
which lie outside the province of metamorphism as here understood.
In dynamic metamorphism, too, where it has been effected under a

! Johnston and Adams, Journ. Geol., vol. xxii (1914), pp. 1-15.
* Compare Arrhenius, Geol. Foren. Stock. Forh., vol. xxii (1900), p. 395.
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thin cover, there is evidence of the carriage of material in solution,
but this we may regard as a special case. In general the conditions
prohibit flowing movement of the solvent medium, and any redistribu-
tion of material must be effected. not by molar, but by molecular
flux, that is by diffusion. This is true equally of the solvent medium
itself and of rock-substance which passes into solution, but there are
important circumstances which discriminate the two cases.

We possess no knowledge of the numerical constants of diffusion
in viscous media at high temperatures, but the form assumed by the
fundamental law of diffusion itself makes it evident that redistribution
by this process must always be very slow. The propagation of any
sensible concentration beyond a very short distance will demand a very
prolonged lapse of time. The diffusion of the volatile solvent through
the earth’s crust can become effective, despite the extreme slowness
of the process, because it is perennially in progress, and the actual
distribution at any epoch in the world’s history has been gradually
brought about during ages preceding. The diffusion of dissolved rock-
substance presents a very different case. In general the solubility
of a mineral in any sensible degree is dependent upon an elevated
temperature, besides being augmented, as we shall see, by stress.
Solution therefore, and consequently diffusion of dissolved material,
are subject to the primary conditions which determine metamorphism.
Here diffusion is not only a slow process, but is operative only during
a limited time, the  diffusivity ’ rising with temperature and stress
to a maximum and falling off as these conditions decline. Migration
or interchange of material within a rock undergoing metamorphism is
consequently confined to very marrow limits.

The study of metamorphosed rocks amply confirms this conclusion,
and makes it appear that the mineral formed at any given point
depends upon the composition of the rock within a very small radius
about that point.? The limit of effective diffusion thus indicated is
commonly a small fraction of an inch. So, for example, in a banded
sediment composed of thin layers of different nature—argillaceous,
gritty, calcareous—metamorphism does not confuse all to one average
type. The several narrow bands remain distinct, each represented by
its own association of new minerals, even when a dozen alternations
are included in the field of the microscope. It is needless to refer in
this place to many other phenomena, which point to the same con-
clusion. The dynamic element in metamorphism, while introducing
some modification, does not invalidate this generalization.

Diffusivity, as already remarked, is a function of temperature,

t Harker, Journ. Geol., vol. i (1893), pp. 574-78.
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Fa

increasing with rise of temperature. For this reason the latitude of
migration of material, always small, becomes somewhat enlarged in
the higher grades of metamorphism. Moreover, if we may legitimately
picture the temperature-conditions as steadily waxing and then waning,
it follows that, the higher the maximum temperature reached, the
longer does the temperature remain above any assigned figure. One
result is that the individual crystals of new minerals, or of old ones
recrystallized, can attain larger dimensions.

Increase of grain size, if we suppose the total quantity of a mineral
to remain unchanged, implies that this given quantity is by some
means shared out among a smaller number of individual erystals.
How this is effected is a qquestion which demands closer consideration.
It is to be remarked that an important function of the general solvent
is to preserve a balance, not only between the different minerals
present, but also between the several crystals of any one mineral.
Crystals of the same kind but of different sizes, in presence of their
saturated solution and within the range of effective diffusion, constitute
a sensitive system, in that a slight cause may suffice to bring about
corrosion of some crystals with correlative addition of material to
others. Such a cause is found in surface-Zension. Since the pressure
due to surface-tension is proportional to the curvature of the surface,
a small crystal is under greater stress than a larger one. Increased
stress, as we shall have occasion to point out later, causes increased
solubility. Material is therefore dissolved from the smaller crystals
and deposited upon larger ones in their neighbourhood, until the smaller
have disappeared. If a mineral is only sparingly present in the rock,
the process will cease when the distance apart of the crystals exceeds
the latitude of effective diffusion. If the mineral is so abundant that
the crystals are necessarily close together, redistribution of material
will continue, tending always to increasing coarseness of grain and alsc
to wniformity of grain-size. The even-grained character is most notice
ablein rocks of very simple constitution, such as marbles and quartzites
They illustrate also the coarser texture which goes with advancing
metamorphism, and indeed in the highest grades a rock of any kinc
often shows a coarseness of grain comparable with that of a plutonic
igneous rock.

The action described, depending upon surface-tension, is that t
which Rinne?! has given the name Sammelkristallisation, and h
attributes to it an important part in various geological processes
In metamorphism it figures as one factor among others which go
determine the micro-structure of a reconstituted rock. It will suffic

1 Gesteinskunde, 3d ed. (1908), p. 167; 6-Tth ed. (1921), p. 187.
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here to note one way in which the ideal simplicity of the process may
be disturbed. The approach to an equilibrium arrangement which
we have pictured, depends upon the assumption that there is a fixed
quantity of a given mineral in the rock. In the more general case
there are reactions in progress, by which some minerals are being
continually generated at the expense of others, and there can evidently
be no finality so long as this continues.

AUREOLES OF THERMAL METAMORPHISM

The phenomena of thermal metamorphism are best studied in the
rocks surrounding a large plutonic intrusion of a type not closely
connected with orogenic movements. Here the heat, which is the
proximate cause of the metamorphism, is of course drawn from the
earth’s internal store, but has been carried by an ascending molten
magma. If, for a rough estimate, we suppose the temperature of
intrusion to range from 1,000° to 600° C., according to the nature of
the magma, and assume 0-3 as the mean specific heat of the solid
igneous rock, we have from 300 to 180 calories as the measure of the
heat given out in cooling ; to which must be added about 100 calories
for the latent heat of fusion. From a large body of plutonic rock,
therefore, an enormous amount of heat will be set free, and the whole
of this passes by conduction into and through the surrounding rocks,
raising their temperature in its passage.

This is not the only way in which rock-masses may become raised
to an elevated temperature. As part of geological events of a large
order, there can be a direct invasion of the earth’s internal heat, con-
ceivable as a general rise of the isothermal surfaces within the crust
throughout a large tract. Igneous intrusion is likely to be an incident
of this movement, but the intrusion cannot be regarded here as the
cause of the high temperature. The rise of temperature affects the
solid rocks, not only over a great areal extent, but to a great depth,
and a very large increase of volume is therefore implied. The expan-
sion cannot take effect uniformly, being free only in the upward
direction, and so powerful shearing stresses are set up in the rocks.
This case, therefore, falls under the head of what we distingunish as
regional metamorphism. Even where the heating of rocks is brought
about merely by an intrusion, if this is of very large dimensions, there
must be a certain measure of shearing stress set up in the rocks of
the aureole. In strictness, therefore, pure thermal metamorphism
cannot be developed on a very large scale.

Under different and more local conditions the dynamic factor may
figure, not as the consequence, but as the immediate cause of the



22 THERMAL METAMORPHISM

heating of rocks, viz. by the mechanical generation of heat in crushing,
This is a case to be discussed later. It is evident that here too the
element of shearing stress removes the effects beyond the province
of that simple type of metamorphism which will first engage our
attention.

This simple type is sometimes styled ‘ local’ in contradistinction
to ‘regional’ metamorphism ; but pure dynamic metamorphism and
effects resulting from the mechanical generation of heat have equally
a local distribution. The term in common use among Continenta]
geologists is “ contact-metamorphism ’, although the phenomena may
be exhibited at a distance of miles from any igneous contact. Inas-
much as the effects are due, not to contact, but to heat and high
temperature, the term thermal metamorphism seems more appropriate.

The belt of metamorphosed rocks surrounding a plutonic intrusion,
conveniently styled a metamorphic aureole, has a width which depends
upon more than one factor, but mainly upon the size of the intrusive
mass. Since not all kinds of rocks are equally susceptible of change,
we may expect the visible effects to extend farther outward in some
rocks than in others, but in many instances this selective action is in
fact little apparent. The aureole of the granite boss of Shap, in West-
morland, comprises grits, flags, slates, calcareous shales and tuffs, pure
and impure limestones, basalts, andesites, rhyolites, and various
pyroclastic rocks ; but, if the first definite formation of new minerals
be taken to mark the outer limit of the aureole, this can be drawn at
about 1,200 or 1,300 yards from the granite-contact in very different
rocks. The width so indicated is roughly equal to the semidiameter
of the granite boss. The larger granite masses of Cornwall have
aureoles up to two or three miles in breadth, and here the selective
action is sometimes evident. At some places in Cornwall, indeed,
effects of thermal metamorphism have been recorded even farther
from any visible granite, but the possible underground extension of
the intrusions is to be taken into account. An intrusive mass like
the Skiddaw granitein Cumberland, which shows only limited exposures
but underlies the neighbouring rocks at a low inclination, has, for
this reason, what appears a disproportionately large aureole of meta-
morphism. Tts outer boundary, too, influenced by the varying surface-
relief of the country, follows an irregular course on the map. In short,
it is to be borne in mind that the aureole seen is merely the section
by the actual ground-surface of a three-dimensional aureole.

The degree of metamorphism experienced at any place within an

! Effects have sometimes been ascribed to this cause, which belong truly to
an earlier and quite independent regional metamorphism.
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aureole must be supposed dependent. for a given type of rock, upon
the highest temperature attained at that point ; but with the proviso
that the high temperature was maintained long enough for the possibly
slow process of metamorphism to be completed. Accordingly we can
note. in a general sense at least, an advance in metamorphism from
the outer limit of the aureole up to the actual contact. The highest
grade of metamorphism, attained close to the contact, stands in relation
with the temperature of intrusion of the plutonic magma, which is
highest for the most basic types and lowest for those of acid or specially
alkaline composition.

There is, however, another factor which is of importance. The
intruded magma not only supplies heat to the surrounding rocks, but
may also furnish more or less copiously the water and other volatile
bodies which play so essential a part in all metamorphism. It is
noticeable how generally muscovite-bearing granites and pegmatites
are surrounded by an Important aureole of metamorphism. This is
not due to a high temperature of intrusion, but to the richness of these
acid magmas in gaseous constituents. If we look to the actual minera-
logical changes induced, we shall see that the highest grades of
metamorphism are found especially near basic and ultrabasic rocks,
intruded at high magmatic temperatures. The transference of water,
in the gaseous state, from an igneous magma into and through the
surrounding rocks, while promoting metamorphism, may set no obvious
mark upon the resulting products. It is otherwise when volatile bodies
of much greater chemical activity pass in quantity from an igneous
magma into the rocks immediately contiguous. Metamorphism proper
then becomes complicated by pneumatolysis, involving an important
amount of metasomatism. The discussion of this pneumatolytic
element in metamorphism will be conveniently deferred, until we have
dealt with the effects of simple thermal metamorphism in different
classes of rocks. The special effects, it should be observed, are
confined to the neighbourhood of an igneous contact, and are essenti-
ally dependent upon that situation. They might approximately be
designated °contact-metamorphism ’, had not that term already
acquired a less suitable connotation.

If a metamorphic aureole embraces a varied succession of rocks,
the progressive advance of metamorphism can be appreciated only in
a general way, since there is no obvious term of comparison between
the different rock-types. If the rocks are of one general type, the
progress of metamorphism can be followed step by step ; and, if there
be frequent alternations of different rocks, the same end can be attained
by confining attention to one type. In favourable circumstances it
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to divide the aureole into successive zones of meta-
stinctive characters and representing successive
srades of metamorphism. This was first attempted by Rosenbus.ch 1
in the metamurphosed Paleozoic slates known asTtvhe Stelger Schiefer
ronned the sranite mass of Barr-Andlau in the Vosges (Flg, 1). .He
distiniruished three zones. from without., inward : (1) Im(?tensckz.efe-r
or sported slates, (i1} Krotenglimmerschiefer or spotted mica-schists,
and (it} Horsfels, rocks totally reconstructed. Other aureoles of

iz then possible

sy il sser. prsses~ing ddi

FI5. 1.—STAGES OF METAMORPHISM IN THE STEIGERSCHIEFER OF BARR-ANDLATU,
VOSGES; X 25.

-f. Typieal ° Knotenschiefer . The spots are marked by aggregations of the dis-
sToinated carbenacecus rmatter, now reduced to graphite. The only distinct new
mineral 15 a little magnetite, formed at the expense of haematite flakes.

£. Ascmewhat mere advanced stage. The fine micaceous material, making the bulk
©f the roek. is reervstallized, but only on a minute scale. The spots here have a different
significance. being places where recrystallization is incomplete and much amorphous
matter remains (p. 1AL

€. Andalusite-cordierite-hornfels. The rock is now visibly recrystallized through-.
cut. and i# composed of maguetite, quartz, mica, andalusite, and (altered) cordierite.
metamorphism have been divided into zones on somewhat similar lines.
When these have been defined with reference to general descriptive
characters, such as the coming in and disappearance of spotted struc-
tures, the divisions are necessarily arbitrary. It may be possible,
however, to introduce an element of precision by taking as criterion
of the outer limit of a zone the first appearance of some distinctive
new mineral. The assumption required to make this valid is that

. mineral demands a certain minimum temperature for its forma-
und thre Confactzone, Abk. Geol. Spezialkarte
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tion, and is formed, in a rock of suitable composition, wherever that
temperature has been reached. This would make the boundary as
laid down an isothermal line, in the special sense that the maximum
temperature reached in metamorphism was the same for points along
that line. That for a given mineral there is a definite temperature
of formation is doubtless true (with some allowance for varying
pressure) in certain cases, e.g. where dimorphism of the reversible kind
enters, and may be sufficiently near to the truth to be a serviceable
assumption in some other cases.

SOME ILLUSTRATIVE AREAS

In the more special study of thermal metamorphism which follows,
illustrations will be taken by preference from British examples; and
it will be convenient to enumerate here, for purposes of reference,
the principal metamorphic aureoles in this country of which we possess
some knowledge. Those surrounding the Cornish and Dartmoor
granites will be found described in various Memoirs of the Geological
Survey of England and Wales.! The rocks metamorphosed are the
Devonian slates, including calcareous slates, and the Culm Measures,
besides sills of dolerite and spilitic lavas.

In the North of England, the Skiddaw granite 2 metamorphoses
the Skiddaw slates and grits, while the aureole of the Eskdale granite
is in the Ordovician volcanic series, and that of the Shap granite 3
takes in a varied succession of Ordovician and Silurian rocks, sedi-
mentary and volcanic. The Cheviot granite has metamorphosed the
surrounding andesites of the Old Red Sandstone.* The Galloway
granites,? intruded among Lower Palsozoic strata, are surrounded by
well-marked belts of metamorphism, the rocks affected comprising
grits, slates, and shales (some carbonaceous), cherts, and impure
calcareous beds, besides the Ballantrae volcanic group.

1 Land’s End (1907), pp. 20-30 ; Newquay (1906), pp. 46-50 ; Padstow and
Camelford (1910), pp. 63-77; Bodmin and St. Austell (1909), pp. 80-104;
Tavistock and Launceston (1911), pp. 75-83; Dartmoor (1912), pp. 44-56;
Ivybridge (1912), pp. 82-9. On Dartmoor see also Busz, New. Jb. Min., B.Bd.
xiii (1900), pp. 90-139, and Geol. Mag., 1896, pp. 492-3.

2 Harker, Geol. Mag., 1894, pp. 169-70, and Naturalist, 1906, pp. 121-3;
Rastall, Quart. Journ. Geol. Soc., vol. Ixvi (1910), pp. 116-40.

3 Harker and Marr, Quart. Journ. Geol. Soc., vol. xlvii (1891), pp. 292-327,
and xlix (1893), pp. 3569-71; Hutchings, Geol. Mag., 1891, pp. 459-63.

4 Kynaston, Trans. Edin. Geol. Soc., vol. vii (1901), pp. 18-26.

5 Teall in The Silurian Rocks of Britain, vol. i, Scotland (Mem. Geol. Sur.
U.K., 1899), pp. 632—51 ; Miss M. I. Gardiner, Quart. Journ. Geol. Soc., vol. xlvi
(1890), pp. 569-80; C. I. Gardiner and Reynolds, ibid., vol. lxxxviii (1932),
pp- 26-31.
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The Caledonian plutonie intrusions of the Scc?ttish I:Iighla,nds break
+hrouzh members of the Dalradian and JMoine series, thlch were already
in the condition of ervstalline schists. In the b01_'de1'mg tract, where
the schists were in a low grade, the metamorphic aureoles are well
marked : viz. about the Ben Cruachan mass,* _the Garabal—Glfen Fyne
complex.® and that of Carn Chois, near Comrie.> The ]?eesule area
is of interest for the striking effects produced by the Cairngorm and
Lochnagar granites, especially in the Dalradian limestones.t The
nepheﬁﬁe-syénites of the Assynt district of Sutherland have meta-
morphosed the Cambrian dolomites,? and like effects are to be observed
near Tertiary intrusions of gabbro and granite in Skye.® 1In the latter
area mav be studied also the thermal metamorphism of igneous rocks,
hoth lavas and dvkes 7 : and like phenomena are exhibited in great
variety about the corresponding plutonic intrusions in the Isle of
Ml ?

The Foxdale granite, in the Isle of Man, has a metamorphic aureole
inthe Manx shites® Some striking effects of metamorphism are shown
by the Ordovician sediments bordering the Leinster granites at
numerous localities in Counties Dublin and Wicklow, but there are at
present few published accounts dealing with this area. It may be
remarked in conclusion that interesting illustrations of thermal meta- -
morphism. though limited in extent, are sometimes to be found near
farge sills and dvkes of dolerite, such as the Whin Sill of Teesdale,!
+he Plas Newvdd dyke in Anglesey,! and the dolerites of Portrush 12
and Larne®® in Antrim.

The literature dealing with numerous European districts is too

a5

* Geelogy of Oban and Dalmally (Mem. Geol. Sur. Scot., 1908), pp. 139-52.

2 Cynningkam-Craig, Quart. Journ. Geol. Soc., vol. 1x (1904), pp. 25-6;
Clough. Geology of Cowal (Mem. Geol. Sur. Scot., 1897), pp. 98-101.

3 Tillew, Quart. Jowrn. Geol. Soc., vol. lxxx (1924), pp. 22-70.

t Geslogy of Braemar, Ballater, and Clova (Mem. Geol. Sur. Scot., 1912
pp. 1049 ; Hatchison, Trans. Roy. Soc. Edin., vol. lvii (1933), pp. 5567-92.

$ Teall. in The Geological Structure of the North-West Highlands (Mem. Geo
Sur. r. Brif., 1907), pp. 4$53-62.

¢ Harker, Tertiary Igneous Rocks of Skye (Mem. Geol. Sur. U.K., 1904
pp. 1452,

T IEBd., pp. 504, 318-19.

* Tertiary and Post-Tertiary Geology of Mull (Mem. Qeol. Sur. Scot., 1924)
M'Lintock, Trans. Roy. Soc. Edin., vol. li (1915), pp. 25-31.

? Watts, in Geology of the Isle of Man (Mem. Geol. Sur. U.K., 1903), pp. 106-¢

* Hutchings, Geol. Mag., 1895, pp. 122-31, 163-9, and 1898, pp. 6982, 123-31

* Harker, sbid., 1887, pp. 413-14.

# Cole, Pror. Roy. Ir. Acad., vol. xxvi (B) (1906), pp. 56-66.

B Tilley, Min. Mag., vol. xxii (1929), pp. 77-86.
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voluminous to be cited here. We may mention as of special interest
the works of various writers on the Harz, Brittany, and the Predazzo
district, as well as the researches of Rosenbusch in the Vosges, of
Lacroix in the Pyrenees, of Beck and others in Saxony, and of Brégger
and Goldschmidt in the Oslo district.

VITRIFICATION OF SHALES AND SANDSTONES

As already intimated, thermal metamorphism is not wholly confined
to the aureoles of large plutonic intrusions. Any striking effects due
to dykes or sills must, however, be regarded as exceptional. In the
instances cited above the rocks invaded were of a kind peculiarly
susceptible to metamorphism, such as impure calcareous sediments.
In general the metamorphism bordering a minor intrusion is very
limited, both in extent and in kind. It is seen in such changes as
slight induration of argillaceous rocks, decoloration of red sandstones,
and incipient marmorization of limestones.

There is, however, one special case worthy of notice, viz. the
vitrification of argillaceous or arenaceous sediments for a few inches
from their contact with a dyke or sill. We have already seen (p. 15)
how a partially metamorphosed rock may be locally vitrified because
cooling was too rapid to permit recrystallization. That the effect was
there confined to isolated spots was due to the very small quantity
of solvent present in the rock. At an igneous contact, however, it is
possible that a sufficient supply of solvent, viz. water, may be supplied
directly from a magmatic source, and the rock may become bodily
vitrified. The effect extends only a few inches from the contact, and
it is rare, because it requires a concurrence of favourable conditions.
The high initial temperature demanded is realized only in basic or ultra-
basic intrusions, and magmas of this kind are those least rich in water.
Further, to ensure a relatively rapid cooling, the intrusion must be one
of no great dimensions, and must be apart from any regular aureole.

Vitrification is found also in another case, viz. where fragments of
some sedimentary rock have been enclosed in a basic lava or dyke or
sill! Here, however, complication is often introducrd by some
intermingling of the magma itself with the fused rock.®

Such superficial and local effects as the caleining of limestones and
the charring of carbonaceous deposits at contact with a lava-flow do
not call for particular notice. It is sufficient to observe how they

*The name buchite is applied to such vitrified rocks, or sometimes more
specifically to vitrified sandstones.

2 Thomas has described interesting examples from sills in the Ysle of Mull :
Quart. Journ. Geol. Soc., Ixxviii (1922), pp. 229-59.
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er frem the phenomena of metamorphism effected within the
varth’s crust.  Nor Is it part of our plan to discuss solfataric effects,
in which there enters commonly a large element of metasomatism.
It i< of interest 1o remark. however, that thermal metamorphism of
the ordinary type bas sumetimes been produced locally by the passage
of heates] gases. without any intrusion of magma. Good illustrations
of this are szen in the Isle of Rum.? The Torridon sandstone there
exposed i3 traversed in many places by vertical erush-bands, ranging
from mere Hssures to fifty feet in width. Some of these have been
injected iz Tertiury times with basaltic magma, much modified by
dissolving sandstone fragments : others contain no igneous materia].
The Latter, as well as the former. give proof of thermal metamorpbjsm
whiek. thourh so narrowly limited, is of a high grade ; and this can be
artributed oniv to the passage of highly heated gases through the
shattered rock.

* Harker, Geology of the Small Isles (Mem. Geol. Sur. Scot., 1908), pp. 60-7.




CHAPTER -III
STRUCTURES OF THERMALLY METAMORPHOSED ROCKS

Metamorphism Contrasted with Magmatic Crystallization— Residual Structures
—Crystal Grouth in the Solid—Force of Crystallization—Characteristic Structures
of Thermal Metamorphism—Significunce of Inclusions in Crystals.

METAMORPHISM CONTRASTED WITH MAGMATIC CRYSTALLIZATION

ROCKS which have become totally recrystallized in metamorphism
present some obvious features of likeness to crystalline rocks of direct
igneous origin. Many of the component minerals are common to
the two classes. In textural and structural, characters also, i.e. in
respect of the size, shape, and disposition of the several constituents
and their visible relations with one another, resemblances are easily
perceived. Consciously or unconsciously, the student is lable to
give to these distinctive characters in metamorphosed rocks the same
significance that they bear in igneous rocks. It is of vital importance
therefore to make it clear at the outset that such similarities of texture
and structure do not import any real analogy. The determining
factors are wholly different in the two cases; and although meta-
morphism may give rise to peculiarities which mimic well-known
structures of igneous rocks, such as the ophitic and the porphyritic,
the interpretation of them is in no wise the same.

We have to observe in the first place that the crystallization or
recrystallization of minerals in metamorphism proceeds, not in a
fluid medium, but in the heart of a solid rock, an environment which
cannot fail to modify greatly their manner of growth. Further, the
rock may be, during the process of recrystallization, in a condition of
shearing stress imposed by external forces, and in the typical crystalline
schists this additional factor has had a very important influence.
These two postulates, the one universal and the other conditional,
suffice to differentiate metamorphism fundamentally from the crystal-
lization of a molten magma, and that in a manner which must make
itself evident in distinctive structural characters.

There is another fundamental distinction to be remarked, which
is of even greater moment. The crystallization of an igneous rock-
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rnauma proceeds with falling temperature, and under such conditiong
@ continuous readjustment of chemical equilibrium is seldom, if ever,
realized in so complex a svstem. It must often happen t.ha’q crystals
which have separated at a higher temperature are no longer in equili-
Eriwm with a magma which has cooled and become changed in com-
pesition, and are. or ought 1o be, attacked by it. Bowen? in particular
Hias diseussed what he styles the Reaction Principle in Petrogenesis,
and enforced its wide application. Although his conclusions may
appear too sweeping. and the details of his formal scheme be open to
criticism. the validity of the general argument can scarcely be ques-
tioned. Nome the less, a survey of the actual characters of igneous
rovks in general, taking note of the complex mineralogical constitution
of many comumon tvpes and the frequency of zoned crystals, makes it
evident thar the reactions demanded by equilibrium have in most
cases taken effect only very partially or not at all. In so far-as this
is true, the completed igneous rock as we see it represents a merely
metastable arrangement. Be this as it may, the several constituent
minerals belong to different stages of the process of consolidation,
There is. for a given rock. a definite order of crystallization—including
of course simultaneous erystallization of two or more minerals—and
thiz order is phinly written in the visible structure of the rock.

Iz interpreting the structures of metamorphosed rocks the concep-
tion of an order of crystallization, with all that it implies, is to be
totally discarded. The reconstruction of a rock in metamorphism
proceeds with rising temperature, and all the facts go to show that, at
least iz any advanced stage of the process, adjustment of equilibrium
in general keeps pace somewhat closely with the rise of temperature.
Minerals formed at an earlier stage are, potentially at least, parties
to the reactions which succeed at higher temperatures. If they do
zot ehange their composition or give place to other new minerals, they
are still to be conceived as continually rejuvenated from stage toxstage.
The crystals are, as a rule, homogeneous, without zoning. Where
ervstals of two different new minerals come together, the boundary
between them is not determined by priority of formation, for there is
in this sense no priority, all the constituent new minerals of the rock
being in effect of simultaneous crystallization.

This rough statement of the case will suffice to show that the
textural and structural characters of metamorphosed rocks are deter-
mined by factors quite different from those which are operative in
rocks of igneous origin.  The subject is indeed one of some complexity,
and it has been confused by the common practice of treating © contact’

B le—  Qeol., vol. xxx (1922), pp. 177-98.
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(ie. thermal) and regional metamorphism as two wholly unrelated
classes of phenomena. -

RESIDUAL STRUCTURES

Before discussing the characteristic new features developed in
metamorphism, it is to be remarked that there is often, in the earlier
stages at least, a survival of structures proper to the original rocks.
These residual structures, aptly named by Sederholm ¢ palimpsest ’
structures, may vary from a clear transcript of the original to a mere
shadowy reminiscence. Where internal differential movement is
involved, pre-existing structures are likely to be soon obliterated, but
in purely thermal metamorphism they may be still traceable in an
advanced grade, despite mineralogical reconstruction of the rock.
Their preservation is due to the very narrow limit set to diffusion in
the lower grades of metamorphism ; and their gradual fading out is
a consequence of the more enlarged amplitude of diffusion which goes
with higher temperature. It follows that there is a direct relation
between the scale of magnitude of any original structure and its
possible persistence with advancing metamorphism. The appearance
of a clastic origin is very quickly lost in a fine-textured sediment, but
remains evident longer in a coarse grit, while a pebbly structure is still
to be detected in a high grade of metamorphism, after pebbles and
matrix alike have been totally reconstituted (Figs. 26, 4 ; 134, B).
The larger structures of igneous rocks, such as porphyritic and amygda-
loidal, may still be indicated in outline when all the original minerals
have been recrystallized or replaced by new minerals (Figs. 42, 4 ; 43).
We can of course reason back from these facts of observation. Resi-
dual structures afford direct proof of the narrow Limits of diffusion
of material in metamorphism, and can be used to form estimates
of those limits. To the geologist these relics have an obvious value
as giving indications of the original nature of a rock, now represented,
it may be, by an entirely new mineral-aggregate.

CRYSTAL GROWTH IN THE SOLID

We come now to those new structures which are set up in the process
of metamorphism, and are exemplified in great variety in rocks which
1ave suffered reconstruction under the conditions already glanced at.
The critical study of this subject is a thing of recent years, and much
s still to be learnt before a complete presentation of the matter can
se attempted on systematic lines. So striking a feature as the folia-
ion of crystalline schists naturally attracted attention at an early
ime, and its significance was discussed by Darwin in the middle
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of the last century. Later investigation, with the aid of'the‘micr&
w«ope. made petrographers aware that, not OI}Iy crystalline schists,
but rocks recrystailized in thermal metamorphism have peculiaritieg
of mmiero-structure which distinguish them from igneous rocks. Salo.
mon in particular. deseribing the rocks of the inner 1ing of meta-
nerphism about the tonalite of the Adamello Mountains, recognized
a «lass of structures to which he gave the name ‘ contact-structures *.
Amony these he distinguished the simple mosaic type and varioys
sieve-like. skeletal. and spongy arrangements arising from the intep.
penetration or inclusion of one mineral by another. He also used
the epithet ‘contact’ as prefix to the name of a rock-type : thus
a " contact-pyroXenite ' is a rock with the mineralogical composition
of & prroxenite. but with a micro-structure of a kind proper to a
thermally metamorphosed rock. To connect such structural peculiari-
tiex sieﬁx;ite}y with the conditions of crystallization in a solid mediym
with rising temperature represents, however, a further step.

What long delayved a clearer understanding of the micro-structure
of metamorphosed rocks was the tacit assumption that the rocks
themselves play a merely passive part in the process of metamorphism.
Despite the splitting of rocks by frost, the formation of crystals of
pyrites in slate. of selenite in clays, and various other familiar pheno-
mena. the powerful mechanical force which can be exerted by growing
crystals received in this connexion only a tardy recognition. Its
importance was first clearly recognized in 1903 by F. Becke,! in 3
paper dealing generally with the mineralogical composition and
structure of the crystalline schists. The principles there plainly but
very briefly set forth have been more fully developed by others, and
especially by Grubenmann in his well-known work, also treating ex-
plicitly of the crystalline schists. It is a consequence of the complete
divoree which Continental geologists have made between regional
and °contact’ metamorphism, that the writers named do not dis-
tinguish those features which depend merely upon crystal-growth in
the solid. and are therefore common to metamorphism of both kinds,
frum those which are related to a state of internal shearing stress
maintained by external forces. For the same reason others, who
have followed the lead given by Becke’s exposition, have generally
been slow to perceive how much of what he lays down for crystalline
sehists is no less true of thermally metamorphosed rocks also.? In
accordance with the plan of the present work those peculiarities

¥ Comptes Rendus ix Cong. Geol. Intern. Vienne, 1903 (1904), pp. 553-70.

* Comnare Frimaennsdirffer, Centr. f- Min.,, 1909, pp. 501-3; .Tnheh I
Land., vol. xxx (1909), pp. 341-52.



CRYSTAL GROWTH IN THE SOLID 33

which belong to the crystalline schists, being related to erystallization
under special stress-conditions, are reserved for later consideration.
Ve are concerned at present with the structures of thermally meta-
morphosed rocks only, depending on crystallization in the solid, free
from any externally imposed shearing stress. In discussing these
we can still accept Becke as our guide.

A mineral separating from an igneous magma grows, like a crystal
of salt suspended in its saturated solution, by the tranquil addition
of layer upon layer under no more restraint than is implied in viscosity
and surface-tension. In metamorphism there is no such freedom.
The growing crystal must make a place for itself against a solid resist-
ance, and is to be conceived as forcibly thrusting its way outward from
its starting-point. In consequence of the constraint so imposed,
metamorphosed rocks of all kinds come to have a peculiar structure,
or class of structures, for which we adopt Becke’s term crystalloblastic,
connoting the idea of sprouting or shooting (BAuoczdvm).

The very great mechanical force that can be exercised by a grow-
ing crystal, which encounters resistance is illustrated by a simple
experiment devised by Becker and Day.! They showed that a crystal
of alum, growing in a saturated solution, can lift a heavy weight, and
in so doing sustains a pressure of many pounds to the square inch.
Indeed, geological observation and experiment alike go to prove that
growing crystals are capable of exerting forces of the same order of
magnitude as their own crushing strength.

In the experiment cited the material to build up the alum crystal
was drawn from the surrounding medium at large ; so that the lifting
of the weight was to provide space for a certain amount of new material.
In metamorphism, however, a crystal grows at the expense of part
of the rock-substance, which it replaces, and there is in general no
increase of total volume but often a certain diminution. In so far,
therefore, as the crystal is built up at the cost of immediately con-
tiguous material, it will experience no constraint in respect of volume
but a definite constraint in respect of shape. In other words, shearing
stresses will be set up.2 Actually, as we have seen, interchange of
material can take place within certain narrow limits; and such
readjustment, proceeding concurrently with crystal-growth, will in
some measure reduce or relieve the stress. Despite such accommoda-
tion, it is evident that, as reconstruction proceeds in the rock, and the

1 Proc. Wash. Acad. 8¢i., vol. vii (1905), pp. 283-8; Journ. Geol., vol. xxiv
(1916), pp. 313-33.

2 The alum crystal was likewise subjected to shearing stress, being loaded
above but free at the sides.

M.—3
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newlv-formed crystals come to impinge upon one another, shearing
stresses must inevitably be set up, and potentially ‘stresse.s of con-
siderable intensitv. Now there are several ways in which these
potential stresses may be actually relieved to a greater or less extent,
and we shall see that these various devices are reflected in the multj-
form peculiarities of structure met with in metamorph'osed rocks.
In fine. the kev to the interpretation of these structures is to regard
them as contrircnces for evading or minimizing the internal stresses set
sip by erystal-grouth in a solid medium.

FORCE OF CRYSTALLIZATION

Accepting Becke's “force of crystallization’ (Kristallisationskraft) as
a definite property of a growing crystal, we must expect to find, first,
" that it is a wvector property. differing in intensity in different crystal-
lographic directions ; secondly, that it is a specific property, differing ir
different mineral species; and, thirdly, that, like other properties of
ervstals, it is a function of temperature. Each of these principles has
its importance in relation to the structures of metamorphosed rocks,

In proportion as the force differs sensibly in different crystallo-
graphic directions, and according as such force is called into play by
resistance, the effect should be apparent in the shape assumed by the
completed crystal. This is in all cases of a very simple kind. There
is herelittle of the variety of habit shown by some pyrogenetic minerals;
still less the richness in facets seen on crystals grown from aqueous
solution in geodes and fissures. Crystal-boundaries of any kind are
much less general than in igneous rocks. Where they are found, the
principal, and commonly the only, faces present are those which are
parallel to well-marked cleavages; and we may infer that the force
of crystallization is greater along than across a cleavage. A large
proportion of the minerals of metamorphism fall accordingly under
one or other of two types; some having the tabular or flaky habit
which goes with a single perfect cleavage, as in the micas; others
the columnar or acicular habit which goes with two good cleavages, as
in the amphiboles. Very commonly the mica-flakes show ragged
edges, and the prisms of amphibole are devoid of terminal planes.
Twinning is decidedly less frequent in metamorphic than in pyro-
genetic minerals, and in particular the plagioclase felspars are often
free from albitelamellae.

The tabular and columnar forms are familiar, for the appropriate
minerals, in erystals grown freely from a molten magma, but the
characteristic habitis very decidedly exaggerated in crystals developed
in asolid rock. There is another point of difference. In igneous rocks
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the unequal development in different directions is strongly marked
only in microlites, and tends to disappear in full-grown crystals: in
metamorphosed rocks the peculiarity of habit, often little noticeable
at first, becomes more pronounced as the crystals continue to grow
in the face of resistance. '

Such unequal growth in the heart of a solid rock must manifestly
set up internal shearing stresses. If, for a mineral making up a
considerable part of the rock, the crystals had a common orientation,
these stresses would be additive. By a different arrangement, in

FIG. 2.—DECUSSATE STRUCTURE ; X 23.

A. Biotite-Hornfels, De Lank, near the Bodmin Moor granite, Cornwall. The dark
spots are ° haloes’ surrounding radioactive inclusions. See also Figs. 10, B, etc.
B. Wollastonite-rock, Moonbi, New South Wales. See also Figs. 30, B, etc.

which corresponding axes of contiguous crystals lie in diverse directions,
the stresses can be made in great measure to cancel one another by
mutual accommodation. This is the arrangement typically exhibited
in thermally metamorphosed rocks, and the micro-structure described,
a criss-cross or decussate structure, is for such rocks highly char-
acteristic. The component crystals lie in all directions; not at
random, by the operation of a mathematical law of chance, but as
part of a definite mechanical expedient for minimizing internal stress.
This peculiar structure is most noticeable in a rock which is composed
largely of minerals with a flaky or a columnar habit (Fig. 2). The
interlacing of the little scales or prisms imparts to a ‘ hornfels’ of this
type a remarkable toughness and a distinctive kind of fracture.
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The decussate structure is, however, by no means universal, even
i1 rocks containing abundant mica. Our aztgument l.ms a:ssumed that
the rock had originally no structure of the kind ‘ﬂ‘mt implies 'wea,keno%d
colesion in a particular direction. The conditions are different in
the earlier stages of metamorphism of a shal_e or slate which p(?ssessed
4 marked fissilitv. due either to bedding-lamination or to superinduced
cleavage. As their fissile property attests, such rocks o_ffer muc.h 1e§s
re<istance along the bedding or cleavage than‘ across it. Until this
difference is obliterated by toral reconstruction of the rock, new

Fli. 3.—STRUCTTRES OF HIGHLY METAMORPHOSED SEDIMENTS; X 23.

4. Biztite-Hornfels, inclusion in nordmarkite, Grorud, Norway. The flakes ol
fioue kave the typical decussate arrangemenrt.

E. Garpet-Biotie-Schist. Ordovician slate near a granite-contact, Glendalough, Co.
Wiskiow. Hers the flakes s1ill retain a parallel arrangement which marks the original

are generated and grow in a medium having peculiar mech-

anieal properties. The flakes naturally push their way in the direction
of least resistance. and so acquire a regular parallel orientation. The
paraliel structure in this case has in fact precisely the same significance
as the decussate structure in the other case; i.e. it is a contrivance
to elude the setting up of internal shearing stress. The parallel
) ion may persist as a residual structure into a higher grade of

‘ but is ultimately lost. Indeed, schistosity arising

in this way is essentially a residual effect, perpetuating and some
times aeccentuating an initial property of the rock. The schistosity
which characterizes so many types of rocks in regional metamorphisi
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is. on the contrary, a new property with a direction imposed by external
forces. The immunity from externally provoked stress which we
have postulated in thermal metamorphism is, however, not absolute ;
and in a broad aureole bordering a large intrusive mass a tendency
to parallel orientation from this cause is sometimes observable in
highly metamorphosed rocks (Fig. 3, B).

Parallel arrangement of mica-flakes as a residual structure is
related. not necessarily to the general lie of the bedding, but to the
direction of lamination at the spot, which may have been affected

FIG. 4.—METAMORPHOSED SLATES PRESERVING BANDED STRUCTURES; X 25.

4. Manx Slate near an aplite dyke, Crosby, Isle of Man. Shows large irregular
flakes of biotite in a matrix of fine sericite and quartz. Trains of inclusions, marking the
original lamination, pass undisturbed through the biotite.

B. Highly metamorphosed Devonian slate enclosed in the St. Austell granite, Corn-
wall: essentially of biotite, some muscovite, altered cordierite, and quartz. The mica-
flakes have a definite orientation, in some bands parallel but in others transverse to the
original bedding.

by contortion on a small scale. Such disturbance has sometimes
been localized in certain narrow bands which were unusually yielding,

giving rise there to an arrangement of new-formed mica-flakes trans-
verse to the bedding (Fig. 4, B). .

CHARACTERISTIC STRUCTURES OF THERMAL METAMORPHISM

Despite mutual accommodation, crystals starting from neighbour-
ing points and thrusting out, each from its own centre, necessarily
come into competition in a struggle for space, or more accurately for
shape. In a completely reconstituted rock the shape of each crystal
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has been determined by its encounters with its immediate neighbours.
If all are of the =ame mineral. as in a pure marble or quartzite, they
compete on equal terms, and no one is able to assert its na’f-ural cryst.al
outline apainst its neighbours. The compromise results in a mosaic
which. ag seen in section. is made up of polygonal or partly inter-
Ioeking elements of approximately equal size with sutural junctions
(Fiz. 20, below: A rock composed of two or more minerals shows a
Hie structure. if the several minerals do not differ sensibly in their
foree of crvstallization. Where any pronounced difference in this
respest exists. the simplicity of relations is modified accordingly, the
s«tr:m-zer mineral being able. In greater or less degree, to insist upon
ir= natural development at the expense of its weaker neighbour.
This. it will be observed. is essentially different from the mutual
relations between the minerals of an igneous rock, determined by the
orsder in which they have crvstallized. That is not a fixed order for
all izneous rocks. but depends upon the relative proportions of the
several minerals present as well as upon their specific properties ; so
that in one roek augite is idiomorphic towards felspar and in another
the reverse. In mé?.amorphism. as has already been laid down, the
eoneeption of an order of crystallization finds no place. Rather, in a
rovk totally reconstivuted. we may assume a practically simultaneous
ervstailization of all the minerals involved (p. 30). If we accept this
reasoming in its entirety. and suppose that the rock retains no trace
of its past history, it follows that the mutual relations of the different
ervstals must be fixed solely by specific properties of the minerals
themselves. The determining factor is, in short, the force of crystal-
lization, which is found to differ widely in different minerals. The
stronzest. such as rutile and spinel, constantly make good their claims
against all eompetitors, and usually exhibit good erystal-boundaries ;
the weakest minerals in this sense, such as the potash-felspars, are
defeated in the struggle, and never develop their natural forms ; for
any mizeral in general the issue depends upon its own force of crystal-
lization as compared with that of the contignous minerals, its immedi-
ate competitors. Since the terms ‘ idiomorphic * and ¢ xenomorphic ’
carry a connotation which is proper to igneous but alien to meta-
morphesed rocks, we shall adopt in their stead the terms used by
Becke. primarily in connexion with the crystalline schists, idzoblastic
and renoblustie. A stronger mineral is idioblastic against a weaker
one in contact with it, and the relative force of crystallization of the
several minerals in a rock can therefore be determined from their
wtual relations. Becke, and after him Grubenmann, have
that the coustituent minerals of the crystalline schists can in
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this way often be ranged in an order of relative strength, to which they
give the name crystalloblastic series. The minerals of thermally meta-
morphosed rocks can likewise be at least approximately ranged accord-
ing to the same property, ie. in a list beginning with the strongest
and ending with the weakest. Since some of the minerals are found
only in certain classes of rocks, it is more convenient to make two lists.

In Argillaceous and Arenaceous Rocks

Rutile, pleonaste ;

Garnet, sillimanite, tourmaline ;
Magnetite and ilmenite, andalusite ;
Muscovite, biotite, chlorite ;
Plagioclase and quartz, cordierite ;
"Orthoclase and microcline.

In Calcareous and Igneous Rocks

Sphene, spinel minerals, pyrites ;

Wollastonite, lime-garnet, apatite ;

Magnetite and pyrrhotite, zoisite and epidote ;

Forsterite and chondrodite, hypersthene and diopside, chalybite
and dolomite ;

Scapolite, albite, muscovite, biotite and phlogopite ;

Tremolite, idocrase and calcite ;

Plagioclase, quartz, orthoclase and microcline.

The order here set; down will be found to hold good very generally,
but is not to be accepted as a rigidly fixed standard. It is probable
that the relative crystallizing strength of different minerals may be
modified by factors which are not easily taken into account, such as
pressure and the concentration of a solvent ; but the principal cause
of exceptions or apparent exceptions to the rule is to be found in the
effects of retrograde metamorphism. If a mineral has been produced
as a pseudomorph during the declining phase of metamorphism, its
visible form and relations are determined, not by its own properties,
but by those of the mineral which it has replaced.

In works dealing with the crystalline schists an accepted nomen-
clature is in use for describing the varied micro-structures there en-
countered. Some of the terms are equally applicable to simple thermal
metamorphism, inasmuch as the structures which they denote arise
merely from crystallization in the solid, and are not necessarily related
to shearing stress impressed from without. The simplest type is the
granoblastic, answering to the mere mosaic arrangement which has
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hwens noticed, It is necessarily moslified when minerals of pronounced
cablar or columnnar habit make a noteworthy part of the rock, and,
a5 we have seen more than one variety of structure can then be
recrrmized.  In the toush close-textured type of rqck prope:rly sty'led
< Jrnfels "t the decussate arrangement prevails, while the mica-schists

. L . 3 ,
are churacterizesd by a parallel disposition of the mica-flakes. Some

rmore spewial struetures have received convenient names. In the
;y,;f;,é,;;;}h?;:,g;r «rpe one mineral makes crystals of conspicuously
Larrer <ize than the other constituents of the roek (Figs. 4, 4; 5, B).

s

5.—SPECIAL STRUCTTRES IN METAMORPHOSED ROCKS; X 23.

@ stpwcture : anintergrowth of andradite gamet, colourless axinite, and
=in a tarnorphosed dolerite near Falmouth.

lasrie strueture in porphyroblasts in biotite-cordierite-hornfels, Riet-
4 Parps. Tramsvaal.

term déadlustic comprehends various intergrowths of two or more
minerals. whether parallel or radiate or on some less regular plan
(Fig. 5. 4). In the poeciloblastic or ‘sieve ’-structure, which often
with the porphvroblastic, the crystals of one mineral enclose
smmaller erystals of another (Fig. 5, B). The form of these
words sheuld remind the student that, for instance, the poeciloblastic
structure in metamorphosed rocks has only a superficial resemblance
to the poecilitic in igneous rocks, not a real analogy.
* Thiz word, however, is often employed in so wide a sense as to lose any

precise meaning, and some writers have affronted the English language by using
“hornfels " a5 a verb
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We may go farther than this. These terms themselves, as applied
to metamorphosed rocks, are to be understood as having merely a
descriptive, not a genetic signification, for the structure denoted by
a given name may arise in more than one way. Doubtless the principle
of minimizing internal stress may often furnish the key. Competing
crystals of different minerals may lessen the stress by a compromise
which takes the form of interpenetration; or a large growing crystal
encountering small crystals of other minerals may find it easier to
swallow them than to thrust them aside. Very often, however, the
explanation is to be sought in some earlier stage of the progress of
metamorphism. Where two minerals are seen intimately intergrown,
or one mineral is crowded with inclusions of another, it is probable
that the two have often been formed as joint-produects of some reaction,
and have not yet been able to disentangle themselves.

SIGNIFICANCE OF INCLUSIONS IN CRYSTALS

In the earlier stages of metamorphism, however, inclusions are of
aresidual nature, representing material which could not he incorporated
in the new-formed minerals. The original lamination of a finely
banded sediment is often indicated by trains of minute inclusions of
this kind (Fig. 4. 4). If they are of a mineral such as graphite, which
does not take part in chemical reactions, they may persist into an

~advanced grade, though they are liable to be disturbed by growing
crystals of a strong mineral

Growing crystals endeavour to clear themselves by expelling
foreign inclusions of any kind, but their power to do so depends upon
their inherent force of crystallization. A very weak mineral, like
cordierite, may remain almost to the last crowded with inclusions.
In a mineral of moderate strength, like scapolite, the elimination of
inclusions often goes hand-in-hand with the development of crystal
shape (Fig. 6, 4 and B). It should be remarked, however, that the
force of crystallization is effective only when it is called into play by
resistance, as growth proceeds. So even a strong mineral, such as
garnet, often shows a nuclear portion full of residual inclusions, while
the marginal part of the crystal is clear. This contrasts with the
peripheral arrangement of inclusions so common in the crystals of
igneous rocks. The dependence of force of crystallization upon
temperature also has its application here. In a very high grade of
metamorphism all but the weakest minerals tend to be free from
inclusions, always excepting such as are being currently generated by
high-temperature reactions.

We have seen that the force of crystallization, upon which the
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expulsivn of incdusions depends. is a vector property. An instruct%ve
ca<e is that in which a growing crystal has been able to bru§h aside
foreirn nuaterial. but not completely to eject it; the resul.t be.mg that
troains of inclusions remain caught in the crystal along cerfc-am du"ect.ions
in which the foree was least effective. The chiastolite variety of
andalusite is a familiar example. and comparable Phenomena are to
e obsserved less frequently in cordierite,! staurolite,? and garnet.3
(V¥ these fuur minemls. garnet stands very high in the crystalloblastic
series aned eordierite versy low, while the other two are of medium

FIG. $.—SCAPDLITE IN METAMORPHOSED LIMESTONES, from the Pyrenees; x 25.

4. Poozas, Hautes Pyréndes: showing seapolite (dipyre), with numerous minute
. and oreen artinolite
ze: a coarsely erystalline limestone enclosing clear ecrystals of
and grains of pyrrhotite.” In this higher grade the scapolite is cleared of
- and has developed erysial outlines.

strength.  What they have in common is an exceptional inequality
of the forces in different crystallographic directions.
The veculiar features of chiastolite have been often discussed.t

» Journ. 8ei. Coll. Tokyo, vol. iii (1890), pp. 313—34.
and Pratt, Amer. J. Sci. (3), vol. xlvii (1894), pp. 87-9.

* Renard. Bull. Mus. Roy. Belg., vol. i (1882), pp. 18-19, and plate I, fig. 1;
¥. MéL Phys. Chim. St. Pétersbourg, vol. xii (1887), pp. 639-45.
thach. Zeits. Deuts. Geol. Ges., vol. xxxix (1887), pp. 632-8; Becke,

- vol. xiii (1892), p. 256 ; Sederholm, Geol. Féren. Stockh.
- XVidi {1806}, p. 390; Flett, Geol. Lower Strathspey (Mem. Geol. Sur.

h pp- 34-6; Mawson, Mem. Roy. Soc. §. Austr., vol. ii (1911); pp.
188-2]0.
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The dark area in the centre (Fig. 7) represents the nucleus of the
crvstal, unable at that stage to free itself from inclusions. Subsequent
growth has been effected by a thrusting outward, which was most
effective in the directions perpendicular to the prism-faces. Much of
the foreign matter brushed aside in this growth accumulated on the
edges of the prism, and was enveloped by the growing crystal. The
arms of the dark cross represent thus the traces of the prism-edges
as the crystal grew. Finally, re-entrant angles may be left, but more
usually these are filled in by the latest growth of the crystal, remaining

FIG. T.—METAMORPHOSED SKIDDAW SLATES WITH CHIASTOLITE,
CUMBERLAND ; X 23.

A. This rock has not yet lost the parallel arrangement of the new-formed flakes of
biotite.

B. Chiastolite-Cordierite-Biotite-Hornfels, representing a higher grade of meta-
morphism. The cordierite is still in ill-defined round grains, which contain inclusions of
biotite.

full of inclusions. A longitudinal section of the crystal would show
the arrangement of inclusions as modified by the thrusting forth in
the direction of the long axis. The streaming out of trains of inclusions
away from the centre presents almost a visible picture of the operation
of the forces of crystallization. It is in marked contrast with the
concentric zones of inclusions common in the crystals of igneous rocks,
Chiastolite affords also an impressive indication of the magnitude of
the forces developed in crystal growth in the solid, for these forces
have often been sufficient to shatter the erystal itself. The cracks
follow the prismatic cleavage, but only one of the two cleavages is
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opened in each sector {Fig. 7. ). This featureis 1?1ost clear}y exhibited
chen the ervstals enclose an unusually]arge quantity of foreign matter:1
A very prevalent feature of cordierite 1s jche p§eudo—'hexagona1 hahit
vith six-fold twinning. and it is in connexion “'11:;]? thls-t-hat a regular
arrangement of inclusions is sometimes fou1'1d.‘ Iukuchl-ha,s given the
siame -cerasite  to this varety of (Eordlente. The inclusions are
crrouped alony hexagonal pyramids with apes at the centre O.f the
wrvaral and bases on the basal planes (Fig. 8, 4). In staurolite ® a

FIi %.—RESTLAR ABRRANGEMENT OF INCLUSIONS IN CRYSTALS, [llustrated by a
Series of Sections Parallel to the Basal Plane.

4. Cordierite. B. Staurolite. C. Garnet.

regular pattern is not often seen. The inclusions are ranged along
rhombie pyramids having apices at the centre and bases coincident
with the hasal planes of the rhombic crystal, and also, outside these
pyramids. along median planes parallel to the two pinacoids (Fig. 8, B).
In2 pirset too any special arrangement is not common. It is seen in
nzanzanese-garnets from the Ardenne and the Urals, and may some-
timyes be observed In the garnet, likewise manganiferous, of the New
Galloway aureole. The inclusions are here distributed along twelve
piramids with apices at the centre and bases on the dodecahedral
fares # 1 in other words, along the traces of the edges of the growing
dislerahedral erystal (Fig. 8, ().

Sederholm, Geol. For. Fork., vol. xviii (1896), pp. 390-3, with

*This is a mineral especially characteristic of crystalline schists, but is
inehuded here for the sake of completeness.

* Karpinsky. Joc. ¢if. Renard states erroneously that they lie along the
won pal planes of ssmmetry.  See also Raisin, Quart. Journ. Geol. Soc., vol. Ivii
1. p. 64, fig. 3.



CHAPTER 1V

THERMAL METAMORPHISM OF NON-CALCAREOUS
SEDIMENTS

Constitution of Argillaceous Sedimenis—Lower Grades of Metamorphism in
Argillaceous Sediments—Medium Grades of Metamorphism in Argillaceous Sedi-
ments—Higher Grades of Metamorphism in Argillaceous Sediments.

CONSTITUTION OF ARGILLACEOUS SEDIMENTS

BEFORE attempting to follow the course of metamorphism in rocks
of various kinds, it will be proper to make some inquiry into the
constitution of the rocks prior to metamorphism. How that con-
stitution has been acquired is a question which lies outside our province,
and will be dealt with only summarily. Sedimentary deposits are
derived, by one or more removes, from crystalline rocks. They are
the result of destructive action, partly mechanical and partly chemical,
including biochemical, together with a redistribution of the various
products. This redistribution, too, is in part mechanical, in part
chemical in its operation; for it includes the sorting of finer from
coarser detritus by running water, the separation of soluble from
insoluble constituents, and secretion by organic agency. The solid
particles derived from the chemical destruction of crystalline minerals
are in general much smaller than the grains which result from mere
mechanical disintegration ; and consequently a separation between
finer and coarser material is roughly a separation between decomposed
and undecomposed. The one goes to make clays and the other
sandstones. The argillaceous sediments represent then, as a first
approximation, the products of chemical degradation of the parent
rocks, or rather the insoluble residue of those products. There is,
however, a variable admixture of mechanical detritus, chiefly of the
finest washings of quartz.

Note first that, while some small part of the lime from felspars and
pyroxenes may be fixed in secondary epidote, ete., the bulk of the
lime goes into solution as carbonate. Redistribution of dissolved
material differs from mechanical transport in that there is no limit
to its range, and most of the carbonate goes to make limestones in

45
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distant areas. Apart therefore from an actual admixture of cq).
carecus material. argillaceous sediments are notably poor in lime,
Of maunesia, on the other hand, deri\_’e(% from the destruction of
olivines. pyroxenes, amphiboles, and biotites, only a small part i
dissolved as carbonate, and this constituent passes gfu%erally into
minerals of the serpentine and chlorite groups. Thfa original silicate
eompounds contained iron in the ferrous stat.e replacing magnesia and
sprnetimes in the ferric state replacing alumina. ':[‘here is less of thig
replacement in the resulting serpentines and chlorites ; so that much
of the iron is set free as oxide, its final form being a hydroxide which
far convenience we may name limonite. This too is the ultimate
representarive of most of the iron-ore minerals of the parent rocks.
The titaniferous iron-ores vield in addition granular sphene apg
perhaps rutile. but the minute rutile-needles which are so characteristie
o feature of slate-rocks come from the destruction of biotite (Fig. 69, B,
below}.

Tke alteration-products of the alkali-felspars contribute largely to
the esmposition of argillaceous sediments, and it is unfortunate that
their true nature is involved in much obscurity. If we set aside the
china-elavs, which have a special mode of origin connected with
;:eaeumatéiysis. the alkali-content shown in analyses of ordinary clay-
rocks proves that kaolin is a constituent of minor importance. It
may be suggested that, when it is present, it comes rather from albite
than from orthoclase, since the low ratio of soda to potash in most
argillaceous rocks shows that soda is to a greater extent than potash
removed in solution. None the less we shall see that finely granular
albite is present in many sediments of this class, while orthoclase
seems to be always destroyed. However this may be, it is certain
that the excessively fine flaky substance which makes a large part of
all ordinary clay-rocks is of a micaceous nature. Since even the
well-crestallized white micas present considerable difficulty to the
systematic mineralogist, the constitution of minute flakes which cannot
be isolated for analysis remains still more problematical. If we are
justified in distinguishing two ideal molecules :

Muscovite, H,KAl,(Si0,),,

Phengite, H,K,Al,Si,0,;
then the ratio K,0: ALO, given by the bulk-analyses of average
argillaceous sediments points decidedly to a phengitic composition.!
The study of clays still in a plastic condition is complicated by the
fact that some part of their substance is in the colloid state. This,
* See aleo analyses of * sericite,’ Niggli, Schw. Min. Pet. Mitt., 1933, p. 84
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however, is only a temporary circumstance, and the rocks which suffer
metamorphism may be supposed made up of definite, if sometimes
imperfectly known, minerals.

Under certain physical conditions, of which a tropical climate is
one. not only the felspars but all other silicate compounds may be
totally decomposed, the silica liberated passing into solution together
with the whole of the alkalies, lime and magnesia. The alumina and
iron Temain as hydroxides, at first largely in the colloid state. With
them are mingled quartz-grains, if the rock was a quartzose one, and
ratile.  Such deposits (laterites) represent the extreme result of the
chemical degradation of silicate-rocks. According to the nature of
those parent rocks, they may be almost purely aluminous (bauxite)
or highly ferruginous (lithomarge). There are also accumulations of
iron-oxide, normally in a hydrated form, due to direct deposition by
the agency of bacteria, and these may have an admixture of siliceous
and other impurities. These peculiar types of deposit, including also
the kaolin-clays, will require separate treatment in the sequel. The
more ordinary argillaceous sediments, notwithstanding a considerable
variety of composition,. can be dealt with collectively.

In the usual and less drastic course of decomposition only part of
the lime, magnesia, alkalies, and silica is carried off in solution, to
reappear elsewhere as limestones, salt-deposits, and cherts. Their loss,
however, is enough to raise notably the proportion of the alumina
which remains, and richness in alumina is accordingly the salient
chemical characteristic of argillaceous sediments as a class. Other
noteworthy features are the poverty in lime (in deposits not distinctly
calcareous) and the strong preponderance of potash over soda.

In the destructive chemical changes which have been noted we
see a partial breaking down (and even in laterization a complete
breaking down) of higher silicate compounds to form silicates of lower
type and non-silicates, the process often involving hydration or
peroxidation or carbonation. Broadly we may recognize a readjust-
ment to atmospheric conditions, i.e. to low temperature and unlimited
access of water and the atmospheric gases. From the standpoint of
energy-content the reactions involved are exotherinic, and the quantity
of heat evolved and dissipated in the complete chemical degradation
of a crystalline rock is very great. The chemical changes in thermal
metamorphism are essentially endothermic. Besides dehydration,
reduction of peroxides, and elimination of carbon dioxide, there isin
most of the reactions to be noted below a building up of higher types
of silicates from lower, or of silicates from non-silicates, with the aid
of the detrital quartz present. To this extent rising temperature
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brings about a reversal of the changes t.vhich_we have enumerated as
prtx—éedin;z at low temperatures. It. is evident, ]'mwever, havi
rezard to the bulk-coniposition of arglllaceo_us dep'osns, that the ney
riinerals produced can correspond only partially with t-_h.ose of igneous
rocks.  Irs particular. we must expect to meet some silicates notably
rivh i alumina. )

(e vther point is to be emphasized. Ahpost all t}'le constituents
of an arzillaceous sediment result from chemical reactions completed
4T Juw témperature& They exist as very minute particles, intimately
ernnmingied with one another and in presence of an abundant solvent,
Ir imax be assumed that under these favourable conditions a near
apprasch to true chemical equilibrium has been attai.ned, an assump-
tiun seldum to be justified in other rocks of composite origin. Thjs
heims so. retamorphism stards from equilibrium ; so that there is from
thie bezinning a gradual readjustment in response to rising temperature,
and the earlier stages exhibit here a clearer gradation than is to be
recognized in any other class of rocks. HEspecially is this noteworthy
in conrrast with the case of those partially calcareous sediments which
are excluded from present consideration, and will be treated in a later
chaprer.

IAWER GRADES OF METAMORPHISM IN ARGILLACEOUS SEDIMENTS

The earliest effects of rising temperature are felt by some of the
nor and non-essential constituents of the sediment. Many black
shaies contain a noteworthy quantity of organic matter, and this is
yuickly affected by heating. Under a low pressure it may be wholly
expelled. but more commonly it is reduced to graphite. The minute
back particles have a strong tendency to gather into clots and patches,
and one type of * spotted  structure, common in the lowest grade of
meTamorphism is due to this aggregation of the dark pigment of the
rock {Fig. 1. 4). In some other black shales the finely divided dark
matter is limonite and this is reduced to granules or minute octahedra
of magnetire. In cleaved slates the iron-oxide is usually in the form
of haematite, and this too is reduced to magnetite. The minute rutile
needles. so abundant in many argillaceous sediments, give place te
rather larger and stouter crystals. It is safe to assert also that, if any
wulivid matter still existed in the original sediment, it becomes recon-
stituted at a very early stage.
At a somewhat higher temperature the general body of the rock
i to be affected. The process begins, as has been said, by tem-
- solution initiated at many isolated points throughout the mass
{p- 15).  If it go no farther, there will result a ¢ spotted slate * of the
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tvpe already described. Such rocks have been styled Knotenschiefer,
Fleckschiefer. and Fruchtschiefer, names which, however, have been
applied also to spotted structures of a different nature. If, on the
other hand, as we now suppose, solution is duly followed by recrystal-
lization, and the process spreads gradually through the mass of the
rock. we reach a definite landmark of metamorphism in the production
of one or more new minerals.

Very often the first important new product is biotite, and this
mineral is seldom absent from metamorphosed argillaceous sediments
in most succeeding grades. Although it is not possible to write down
a precise equation representing the reaction, it is clear that the biotite
is formed from the chlorite, ‘sericite’, iron-ore, and rutile of the
original sediment. If much of the iron-ore enters, some free silica
must be taken up too, and we see that practically all the constituents
of the rock are already involved at this early stage. Of the exact
composition of the biotite produced in thermal metamorphism we
possess scarcely any knowledge. In the only recorded analysis 1 of
such 2 mica the molecular ratio K,O : AL,O, is 0-50, which suggests
that the sericite was of a phengitic composition and the chlorite of a
kind poor in alumina. In the same analysis the ratio FeO : MgO is
154, and, judged by its deep colour, the biotite of metamorphosed
rocks in general is notably ferriferous. At its first appearance this
mineral is in numerous very small elements, shapeless or sometimes
rounded, but it soon develops the characteristic flakes, which may
have either the criss-cross or the parallel arrangement (Fig. 3, above).
Relatively large flakes with a poeciloblastic structure are not un-
common (Fig. 4, 4).

In sediments containing any noteworthy amount of kaolin (or
possibly of bauxite or gibbsite) biotite is not the first new mineral to
appear, but is preceded by one of the distinctively aluminous silicates
andalusite and cordierite, or by both together. Andalusite comes
simply from the decomposition of kaolin :

Js = ALSIO, + Si0, + 2H,0 ;

but in the more chloritic sediments the ferro-magnesian mineral
cordierite forms instead, and is in fact the commoner of the two,
Unlike the nascent biotite, these aluminous silicates figure from the
first as individuals of relatively large dimensions. The formation of
such large crystals in a low grade, and in a matrix which is still prac-
tically unchanged, is connected with their composition and their
capacity for enclosing an unusual amount of foreign matter. The

! Lang, Nyt. Mag. Nat., vol. xxx (1886), p. 318 (Oslo district).
4
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srowth of isolated crystals in a solid rock is resisted only in so far ag
+he rock-substance cannot be either incorporated 'in tl}e cry.sta,].s or
enveloped by them. If the bulk composition were identical with that
of the growing crvstals. there would be no resistance, and the actual
conditions are favourable in proportion as that ideal case is approached.
The crowded minute inclusions are at this early stagg merely the
undigested part of the rock-substance, that residuum which cou_ld not
Y incorporated in the crystals themselves. At first both minerals
have rounded or oval shapes. Andalusite, capable of exerting a

FI5. 9.—METAMORPHOSED ARGILLACEOUS ROCKS WITH ALUMINOUS SILICATES;
x 25.
minerais are seen as oval spots, containing abundant minute inclusions but
=iy free from the biotite developed in the general matrix.
4. Siddaw Slates, Glenderamackin Valley, Cumberland ; with large andalusites.
B, toniston Flags. near the Shap granite, Westmorland ; with numerous round

: force of crystallization, speedily acquires crystal outline,
aiwavs that of the simple prism, and pushes aside its enclosed foreign
matter into the familiar chiastolite pattern. The feebler cordierite
very seldom attains to any crystal shape, and is unable to clear itself
from inclusions

It is not to be supposed that these aluminous silicates are formed
only when kaolin was present. They are also produced jointly with
biotite by reactions involving ¢ sericite ’, chlorite, and iron-ore. In
this case they come in at a rather later stage, and may continue to
form. tosether with biotite. until some part of the requisite material
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is exhausted. As before, their first appearance is in round grains.
These are conspicuous by contrast, being relatively free from the
biotite-flakes abundantly developed in the rest of the rock, and they
thus characterize still another type of ‘ spotted slate” (Fig. 9). The
andalusite makes well-defined crystals, clear except for the chiastolite
cross (Fig. 7), and at a later stage this also disappears (Fig. 10). The
shapeless grains of cordierite still carry abundant inclusions, but these
have now become converted to recognizable minerals, such as biotite
and quartz (Fig. 11, B). The cordierite at this stage often shows its

FIG. 10.—ANDALUSITE-BEARING ROCEKS; X 25.

A. Andalusite-Mica-schist. Killiney, near the Dublin granite. Besides biotite, this
rock contains abundant large flakes of muscovite with parallel disposition.

B. Andalusite-Biotite-Hornfels, Perran Sands, near the Cligga Head granite, Corn-
wall. The biotite illustrates the typical decussate structure.

characteristic polysynthetic twinning. It is to be observed that this
mineral is not merely a magnesian but a ferro-magnesian silicate,
having the general formula (Mg,Fe),Al,8i,0;5. The molecular ratio
FeO : MgO is sometimes higher than unity, and has probably no limit.
The highly ferriferous variety imparts to a rock of which it malkes the
chief bulk a deep violet colour, with an unmistakable resinous lustre.
In a thin slice it is seen making a general mosaic in which the other
constituents are embedded, and has often a distinctly bluish tint.

MEDIUCM GRADES OF METAMORPHISM IN ARGILLACEOUS SEDIMENTS

At the stage now reached nothing of the original material remains
unchanged. What has not been used to make new minerals has
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recrvstallized.  The remaining quartz, according to its greater or less
arsount. fuures in a fine-grained mosaic or appears as new granules
erzelosed iy eondierite.  If white mieca is leﬁ, it is m’new ﬂa.kes, much
larser than the original minute scales of ‘sericite ) and it may be
astpe] to have new the composition of muscovite, allowing .for
wniw replasement of potash by soda.  If we exclude rocks at granite-
rere preunatolysis may be suspected, muscovite is a much
uineral among the products of thermal metamorphism

eantacts, wi

dess culninoll X

shan in the crvstalline schists. Of other minerals, some magnetite

Fic. 11.—CORDIERITE-BIOTITE-HORNFELS ; X 235.

A, Mrramorpnosed Skiddaw Slates, Bowscale Tarn.  The cordierite crystals here are
‘rally well developed, one basal section showing the hexagonal outline and also the
- arranzement of inclusions (p. 44). The opaque mineral is ilmenirte.

£, Meramorphosid Culm, Leusdon Common. near the Dartmoor granite. This
#ts a hiszher grade of mezamorphism. The cordierite contains recognizable
a: 5T Dictite and quartz.

upally remains. though in much-reduced quantity. Besides con-
tributing to the making of biotite and cordierite, it has sometimes
reaczed with ratile to produce flakes of ilmenite (Fig. 11, 4). Most
of the original rutile has gone into biotite, but a few crystals may be
left even in an advanced grade of metamorphism. The other two
forms of titania are also known, but in this mode of occurrence are
decidedly rarities and perhaps anomalies. Brookitel has

» New. Jb. Min., 1892, vol. i, pp. 159-60 ; Tscherm. Min. Petr.
xiv {1893), p. 314 (Elbe Valley).
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recorded in a comparatively low grade of metamorphism, and anatase !
in a more advanced grade. They do not take the place of rutile at
anv determinate stage, but occur capriciously and sporadically, and
it is probable that both minerals are here merely metastable forms.

That a rock is totally reconstituted does not imply finality, for,
with further rise of temperature, new reactions will come into play,
giving rise to new minerals. In following the further course of meta-
morphism, we have to observe that it takes one line or another in
accordance with initial differences of composition. Much depends
upon the ratio of alumina to magnesia, and therefore upon the relative
proportions of the sericitic and chloritic constituents in the original
sediment. It is mainly from these that the new minerals have been
formed in the eatlier stages of metamorphism already discussed, and
which of the two is first exhausted is now the important criterion.
An excess of chlorite on the one hand or of white mica on the other
will lead to different results in the higher grades of metamorphism.

Suppose, first, that there is an excess of chlorite after all the white
mica has disappeared. This chlorite does not remain unchanged, or
merely recrystallized, through higher grades of metamorphism, but
takes part in further reactions. These are (i) conversion of any
andalusite present to cordierite ; (ii) if this has not disposed of all the
chlorite, formation of some new ferro-magnesian silicate, either non-
aluminous or at least with a ratio RO : R,0; greater than in cordierite
and biotite ; (iii) possible liberation of some iron in the form of
magnetite. The new ferro-magnesian silicates which satisfy the condi-
tions are rhombic pyroxene and a garnet of the almandine-pyrope-
spessartine series, and the mineral usually produced is Aypersthene.
Although it kas been recorded as a normal product of thermal meta-
morphism in the Oslo district, the Harz, the Comrie district, and else-
where, it is not a mineral of very common occurrence at this stage.
The reason is that sediments very rich in chlorite are usually more or
less calcareous, and then give rise to hornblende instead of a rhombic
pyroxene. The formation of hypersthene in high grade hornfelses has,
as will be shown, a different significance. At its first appearance this
mineral makes slender prisms or small crystal-grains and in no great
abundance (Fig. 12, 4). Its associates are cordierite, biotite, quartz,
and magnetite, muscovite and orthoclase being obviously excluded.
Andalusite, too, is excluded; in virtue of the relation :

2 Hypersthene + 2 Andalusite + Quartz = Cordierite,

! Hutchings, cit. Harker and Marr, Quart. Journ. Geol. Soc., vol. xlvii (1891),
p- 318 (Shap granite aureole).
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or. if siliea he in defect:

5 Hyvpersthene — 3 Andalusite = Cordierite — Spinel.

thess reas tinns ensuring that hypersthene does not form until any
ardalusite present has become replaced by cordierite.
S place of hypersthene {or rather of hypersthene and cordierite)

ie sometimies taken by a red gureel and the status of this mineral ag
4 preiuet of simple thermal metamorphism calls for some discussion.
\1+houoh it is abundant in the inner aureoles of the Skiddaw, Foxdale,

Fio. 12 HYPERSTHENE-BIOTITE-CORDIERITE-HORNFELS, from the aureole of the
(arn Chols diorite, near Comrie, Perthshire ; x 23.

re-mrs of hyperethene, minute seales of biotite, granules of magnetite, and
Lite are <ot in & matrix of cordierite-mosaic, without quartz.
r rade of metamorphism, the hypersthene and biotite make
8 The abundant little nearly opaque granules are octahedrs
mark this rock as one deficient in silica (see below).

Galloway, and Leinster granites, and is recorded from some
areas, the occurrence of garnet (other than a lime-garnet)

ir: sueh eonnexion is at first sight anomalous. We shall see that the
i1red warpet, approaching almandine in composition, is a highly
mineral of regional metamorphism; but, when the

mica-schists of the Highlands enter the aureole of one of the ¢ Newer
Giranites " the garnet is destroyved. This marks almandine as a mineral
proper to metamorphism only under stress-conditions. It is important
therefore to note that such analyses as we possess of garnets from
thermally metamorphosed non-calcareous sediments indicate in general,
almardine, but a mixed garnet containing a notable proportion
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of spessartine. Soll:_a,s 1 i:ound 18-85 per cent of manganous oxide in
a garnet from Carrickmines, Co. Dublin. Tilley 2 found 14-88 per
cent. in the New Galloway garnet and 6-02 in that of Grainsgill (Skiddaw
granite aureole). We may infer with some confidence that the forma-
tion of garnet in thermal metamorphism is favoured by the presence
of a certain amount of manganese in the rock, and that the garnet
produced has then a composition between almandine and spessartine.
It is perhaps significant that spessartine, unlike almandine and pyrope,
can be reproduced in the laboratory from its constituent oxides.
Goldschmidt’s researches at Stavanger prove that rocks with a very
small content of manganese may yield a richly manganiferous
rnet.

e 1t cannot, however, be ruled therefore that the presence of man-
ganese (or lime) is absolutely essential. A garnet from Gadernheim
in the Odenwald, in the aureole of an intrusion of hornblende-gabbro,
was found by Klemm 2 to be a nearly pure almandine, with only
1:90 per cent of manganous oxide and 1-45 to 1-93 of lime. Here we
have to do undoubtedly with a very deep-seated intrusion, and we
may conjecture that under a sufficiently great pressure even almandine
may form freely. Another instance is the well-known garnet of
Botallock, in the aureole of the Land’s End granite, Cornwall.t

The garnet makes idioblastic crystals with the usual dodecahedral
habit. There may be a crowd of minute crystals enclosed in biotite
or cordierite or quartz (Fig. 13, C); but more commonly garnet is
from the first of conspicuous size (Fig. 3, B) and still more so in the
highest grades of metamorphism (Fig. 17, B).

In argillaceous rocks originally poor in chlorite there is more white
mica than can be consumed in the early reactions which yield biotite,
etc., and the excess appears as recrystallized muscovite. It seems
that under certain conditions this mineral may survive into an advanced
grade, and Tilley ® has suggested that this is the normal course in
presence of a sufficiency of water. It should be remarked, however,
that the abundant white mica often found in the neighbourhood of a
granite-contact is certainly a pneumatolytic product. In the general
case it appears - that, with advancing metamorphism, muscovite
dwindles and disappears, and orthoclase is formed in its place.

If we assume the mica to have the ideal muscovite composition,

1 Sci. Proc. Roy. Dubl. Soc. (2), vol. vii (1891), p. 49.

2 Min. Mag., vol. xxi (1926), p. 49. '

3 Notizbl. Ver. Erdk. Darmst., v. Folge, Heft 4 (1919), p- 20.
& Alderman, Min. Mayg., vol. xxiv (1935), pp. 42-3. :
5 Min. Mag., vol. xxi (1926), p. 49.
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Bl
anel esoeedve 17 as derivedd oririnally from orthoc"lase, it is _clear t-h_at-

n < the felypar must have parted with t\\'().-tlurds of its
v, besides taking up water. The alkali so removed
preinu lost Irretrievably. the mica can he rec'onverted to felspar only
i che sistraction of two-thirds of its alumina. In presence of free
< liherated coes to make andalusite :

i the pTeey

albadl and

the alumina

H.KAL:Si0) — S0, = KAISO0 +~ ALSIO; + H,0.

Andalpeite thas produced as a by-product of the formation of felspar
ared thus a sdifferent simmiticance from that generated in lower grades

13.—BIOTITE-CORDIERITE-HORNFELS, from the metamorphosed Skiddaw
Slates of the Caldew Valley, Cumberland ; x 25.

arst £ represent different hands in the same thin slice, one rich in biotite with the
t haloes, the orher mainly of cordierite with many little crystals of

£ is a zarperiferous variety, also banded. One part shows a crowd of minute garnets

st m ypuarniz ; another part is malnly of cordierite and biotite with rather larger garnets.
of metamorphism. Since the white mica of these rocks constantly
eontains a certain proportion of soda, some albite is produced with
the orthoclase. If, however, the ratio of soda to potash is not higher
than 1 : 4, the albite maybe concealed by solid solution in the orthoclase.
At its first appearance, in a medium grade of metamorphism, the
alkali-felspar figures as minute granules, which rarely show twinning,
and, when involved in a fine mosaic with quartz, may easily be over-
looked. A useful criterion is that against cordierite quartz is idioblastic
‘oclase xenoblastic. Albite can often be identified by its low
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refractive index. VWhen albite-oligoclase or oligoclase occurs instead,
this is of course due to some small content of lime in the original
sediment. With advancing metamorphism the felspar, like other
minerals, is usually in larger elements, and then often shows the
characteristic twinning. In the highest grade of metamorphism
felspar sometimes becomes abundant. Much of it then is newly
formed, and comes from the breaking up of biotite, a matter which
calls for more particular notice.

FIG. 14.—HYPERSTHENE-ORTHOCLASE-CORDIERITE-HORNFELS, from the inner
aureole of the Carn Chois diorite, near Comrie, Perthshire; x 23.

4. Some biotite is present, but is corroded and in process of destruction.
B. Here biotite is wanting, and orthoclase is more abundant. A band down the
middle of the field is composed almost wholly of hypersthene and orthoclase.

HIGHER GRADES OF METAMORPHISM ARGILLACEOUS SEDIMENTS

The dark mica more often than the white maintains its stability
to the last, and it may be very abundant in highly metamorphosed
rocks (Figs. 2, 4A; 3, B; 10; etc.). Especially is this found in the
inner aureole of one of the more acid granites and in xenoliths enclosed
in sach & rock, the magma of which was capable of furnishing an
ample supply of water and perhaps of other volatile bodies. Under
other conditions it is often very evident that, as we pass to the highest
grade of metamorphism, biotite dwindles and disappears. The
potassic part goes to make orthoclase, with some aluminous silicate,
while the ferro-magnesian part gives rise to hypersthene or possibly to
garnet. This is the most usual origin of hypersthene in thermal
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1

[

*

rnetamorphizm. When that mineral is produced at an earlier stage,
25 we have seen. it= existence is incompatible with the presence of

cortheselase,  In the rocks now in question hypersthene and orthoclage

are asocites] in abundance, together with cordierite. These and a
irtle masmetite are often the only constituents. If biotite is Present,
is sen ti be in process of destruction. Characteristic examples
ew-etar near the divrite contact in the Comrie district (Fig. 14).
The weak mineral cordierite has. at these high temperatures, an
enbinesd forve of ervstallization. It shows idioblastic outline, though

¥15. 15 —SILLIMANITE-CORDIERITE-GNEISS, M’Phatleles Location, Northern
Transvaal ; < 23.

Frem the anreols of the Bushveld plutonic complex (Hall, Tsch. Iin. Pet.
s ol oxxwiic 1863, p. 135,  The sillimanite. in closely packed bundles of fine needles,
foormimz at the expense of the biotite. Cordierite, enclosing quartz-granules, jis coz
spicanis - sver<rnphasized in the drawing). Other constituents of the rock are orthe
< .\.zaz-l; guariz, sezne andalusite and muscovite, and minute zircons, causing dark haloes i
the bicti

against the still weaker orthoclase. The

aluminous silicate which is formed together with orthoclase in this
highest grade is not andalusite butsillimanite, which thus comes tohave
a entical significance.  Its relation to the biotite from which itis derived
is sornetirnes apparent (Fig. 15); but doubtless sillimanite may arise
also in other ways, and in particular from the inversion of andalusite
formed at some earlier stage. There is no evidence that such inversion
effect at a determinate temperature, and indeed andalusite is

imes found in company with the higher and doubtless stable
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form. Sillimanite occurs in slender prisms?! of fine needles, often
crowded together with a sub-parallel or sheaf-like arrangement (Figs.
5, 17, B).
& We haz'e seen that, in the reactions by which the aluminous silicate-
minerals are built up, there is in almost every case a taking up of
silica ; and we have hitherto assumed a sufficiency of silica, originally
present in the form of detrital quartz, to satisfy all requirements.
This condition, however, is not always realized ; and, when the free
silica is exhausted before the end is reached, metamorphism in the

FIG. 16.—HIGH-GRADE TYPES OF HORNFELS POOR IN SILICA, from the aureole of
the Carn Chois diorite, near Comrie, Perthshire; x 23.

4. Pleonaste-Orthoclase-Cordierite Hornfels. The nearly opaque octahedra are of a
spinel near pleonaste ; the clear crystals showing cleavage are of orthoclase ; therestisa
granular aggregate of cordierite.

B. Corundum-Cordierite Hornfels. The conspicuous crystals showing in relief are of
corundum ; the opaque mineral is pleonaste ; and the other constituents are alkali-
felspars and cordierite. This is the rock analysed by Tilley, Quart. Journ. Geol. Soc.,
vol. Ixxx (1924), p. 46.

highest grades must necessarily follow in part; different lines. Owing
to the deficiency of silica, cordierite comes to be represented in part
by a spinel mineral, and andalusite and sillimanite give place partly
or wholly to corundum. The spinellid occurs in very numerous little
octahedra, of so deep a green as to be barely translucent in thin slices
(Figs. 12 B; 16). It may be set down as a pleonaste approaching
hereynite in composition. It is probably more highly ferriferous than

1t is one of the few minerals of wmetamorphism in which the common habit
does not eonform with the principal cleavage, which is pinacoidal.
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wiich it represents and accompanies, and with this we
rerav correlate the usnal absence of magnetite in rocks of this type.
The ospordine s fu ervstals usually of no great size (Fig. 16. B). the
wbidt beins that of imperfect hexagonal discs, though the
v, with elonzarion along the vertical axis, is also found,

-
I
H

it

=i}

+int is often perceptible in thin shices and sometimes a strong

ar f~apphired. e, near Cape Cornwall
arrvine cornndun: are, of course, normally devoid of quartz,

be1e it i< easv to fnl apparent exceptions to the general rule. e

-

Fiz. |7T.—HIGHLY METAMORPHOSED ARGILLACEOTS SEDIMENTS of Silurian age
bordering the Caimsmore of Fleet granite at New Galloway; X 25.
irarip-tdinelss,  This has been a rather siliceous shale, and contains abundant
-7 ¢t ituents are garnet, muscovite, and biotite.
s-ineiss: @ very cuarnse-grained rock consisting of garnet, two micas,
falspar. with abundant needles of sillimanite, mostly enclosed in the

mav even see in a rock-slice a erystal of corundum or pleonaste very
neEr to a grain of quartz, though not in contact with it. The original
sed iment consisted of more siliceous and less siliceous seams, and the
verv parrow amplitude of diffusion possible in metamorphism has
impesed a corresponding check upon chemical reactions. In truth
the “swstem” for which Goldschmidt’s adaptation of the Phase Rule
may hoeld good {p. 4)is not the rock as a whole, but merely any portion
of it small enough to be comprised within the sphere of free diffusion.
The most highly metamorphosed rocks, quartz-bearing or not,
on often, though by no means universally, a decidedly coarse
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rexture. The principal constituent minerals—cordierite, micas, garnet,
felspars. quartz. in different types—tend to relatively large dimensions,
though some other minerals, such as sillimanite and the spinellids,
are still in only small crystals. While the general type of structure
remains the same, the term ‘hornfels’ is not appropriate to these
coarse-grained rocks, and they are generally designated by the name
(itself vague and unsatisfactory) of ‘ gnesis’. To this is added some
prefix. either of the most abundant mineral, as cordierite-gneiss (Fig. 27),
or the mineral most distinctive and significant, as garnet-gneiss
(Fig. 17, A), or sillimanite-gneiss (Fig. 17, B). Very characteristic is
4 more or less pronounced banded structure, evident in the field or
under the microscope. This has been determined by original differences
of composition, but accentuated by a certain amount of segregation,
rendered possible by the enlarged amplitude of diffusion at the highest
temperatures of metamorphism (p. 19).

In strong contrast with these coarse-textured types is another,
rather exceptional, class of products, which equally represent a very
high grade of metamorphism. These are the vitrified shales and slates
already referred to (p. 27). They consist essentially of a brown glass ;
but the solution of the original substance has not always been complete,
and residual elements are often present, especially corroded granules
of quartz. In addition there has always been a certain amount of
new crystallization, yielding minute but perfectly formed crystals of
cordierite, sillimanite, pleonaste, magnetite, etc. Locally fused
phyllites showing these characters are found bordering basic and
altrabasic dykes in the Highlands of Argylishire.l

1 Geology of Oban and Dalmally (Mem. Geol. Sur Scot., 1908), pp. 129-32,
and Geology of Colonsay, etc. (1911), pp. 94-5.



CHAPTER V

THERMAL METAMORPHISM OF NON-CALCAREOTS
SEDIMEXNTS (continued)

Suressive Zores of Thermal Melamorphism—Thermal Metamorphism ¢
Alumaireas aud Ferruginows Deposits—Constitution of Arenaceous Sediments—
Thermal Metamorghisen of Purer Arenaceous Sediments—Thermal M etamorphisn
of Mom Impure Arenarons Sediments.

SLCCESSIVE ZONES OF THERMAL METAMORPHISM

©N un earler page reference has been made to the possibility o
divisding a metamorphic aureole into successive zones, marked by the
comiry in of different new minerals generated with the advance o
métaﬁéaryhism {p.24). In the light of what we have now learnt, it i

6 zive an answer to the question there posed. In any given

ﬂzﬁﬁeml}- well exposed. careful study will enable us to
recyirnize eertain definite landmarks of the kind sought ; but these are
likelx to be different in different cases, and no complete scheme of
reneral application can be laid down. Among what we roughly group
topether as ordivary argillaceous sediments there is in fact a diversity
of 1= xition which leads in thermal metamorphism to quite different
mineralogical developments.

The most constant indices are, in a low grade, the production of
biotite: in a middle grade. the first formation of orthoclase at the
expense of museovite. or alternatively the appearance of hypersthene
or garnet; and. if a very high grade is reached, the coming in of
silimanite or corundum. Even here, as we have seen, the breaking
up of muscovite to ¥ield orthoclase may be indefinitely postponed,
and this owing, not to anything in the initial composition of the
rock. but to the proximity of a granite-contact. A like remark
applies to the possible breaking up of biotite in a much more advanced
grade. The mest characteristic products of metamorphism, cordierite

" andalusite, may make their first appearance at an earlier or

and have therefore no precise value as indices.

METAMORPHISM OF ALUMINOUS AND FERRUGINOUS DEPOSITS

We go on to consider briefly the effects of thermal metamorphism
in those highly aluminous and ferruginous deposits which stand apart
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from more ordinary argillaceous sediments. A pure kaolin clay can
vield only an aggregate of andalusite and quartz (p. 49), or in a very
iigh grade sillimanite and quartz. If such rocks are to be found,
they must be of rare occurrence. A deposit consisting simply of
aluminium hydrate merely suffers dehydration when metamorphosed.
Gibbsite (A1,0; . 3H,0) and bauxite (Al,O, . 2H,0) are thus reduced
to corundum, giving the rock known as emery, though the best-
known occurrences of emery are related to metamorphism of the

type. Often there is some admixture of flaky diaspore

Fi6. 18.—METAMORPHOSED BOLE, near Kilchoan, Ardnamurchan; x 283.

4. Essentially of hercynite and corundum, the latter encrusted in places with finely
diaspore. A little clear anorthite occurs interstitially.
B. Porphyroblasts of corundum and little octahedra of hercynite are embedded in a

gramular aggregate of anorthite.

{AL0; . H,0), either from incomplete dehydration or by subsequent
alteration of corundum. Bauxitic deposits, however, are usually
more or less ferruginous, and give rise then to an iron-spinel (hercynite)
in addition to corundum. If there was any calcareous admixture in
the original deposit, this is represented by anorthite. Examples of
these rather peculiar types of rocks have mot often been recorded.
Elemm ! has described an interesting occurrence in the contact-
aureole of a diorite intrusion in the Odenwald. The emery here
consists of corundum, deep-green spinel, and iron-ore. It makes
part of a banded series with various types of hornfels rich in cordierite
Y Notizbl. Ver. Erdk. Darmstadt, v. Folge, Heft 1 (1916), pp. 141.
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-1 sosnetimes containing corundum.  In Ardnamurchan? one of the
nel bunds of bole. due to destructive contemporaneous weathering of
the Tertiary hasalt lavas, has been metamorphosed by a later intrusion
of wabire. I7 is converred to an aggregate of blue corundum and
neatly opague hercvmite with oftenn abundant anor’fhite (Fig_' 18).
Ar the same place another variety. which has bee}l mainly ferrugpous
in coraposition. is represented by a rock essentially of magnetite.
When o deposit of hydrared ferric oxide undergoes metamorphism,
there iz a reduction first of limonite to haematite and then of haematite

Fig. §9.— IMPCRE HAEMATITE ORES, Riekensgliick,
Harz; = 23.
alite-Quartzrock. Reaction betsween the two minerals has produced in

-armphibole grimerite, partly inradiating fibres, partly in compact crystals.
Fayaiite- Plronaste-rock. with garnet. biotite, and cordierite.

te magnetite. The latter process may be incomplete, and so, besides

magnetite-ores, we have others composed of magnetite and

in varving proportions. Aluminous and other impurities

may give rise to other minerals in addition. In the contact-aureole

of the Rostrenan granite in Brittany, Barrois 2 records impure limonite.

comverted to a mixture of magnetite and the iron-chlorite chamosite.

So too the presence of lime gives rise to andradite, as in some localities
in the Harz® and elsewhere.

1 T ke Gesogy of Ardnamurchan (Mem. Geol. Sur. Scot., 1930), pp. 233—4.
. Sor. Géol. Nord (2), vol. xii (1885), p. 78.
Deuts. Gedl. Ges., vol. xxix (1877), p. 206.
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In general any free silica which may be present recrystallizes side
bv side with the magnetite without any mutual reaction, but there
are interesting exceptions. Ramdohr ? has described the metamorph-
ism of the haematite deposits of the Harz in the aureole of the
Brocken granite. The original ores were in varying degree siliceous,
and usually magnetite and quartz have crystallized together. Under
some conditions, however, there has been a reaction, giving rise to
fayalite. and sometimes a further reaction converting the orthosilicate
to the metasilicate grunerite (Fig. 19, 4). With aluminous and other
impurities present in the ore, fayalite comes to be accompanied by
pleonaste, cordierite, garnet, biotite, ete. (Fig. 19, B).

COXNSTITUTION OF ARENACEOUS SEDIMENTS

The arenaceous sediments, representing the coarser detritus from
the erosion of land-surfaces, are derived in the main from the mechanical
disintegration, not chemical degradation, of the parent rock-masses.
These may be conceived as crystalline rocks of various kinds, including
crystalline schists. In so far as a sand may come from the breaking
down of older sandstones, this merely introduces an intermediate step
between the deposit and its ultimate source. Sand-grains consist
accordingly of those minerals which make up the prevalent types of
crystalline rocks within the drainage-basin, but selected with reference
to their durability under atmospheric conditions.

First in importance stands quartz, which makes the bulk of most
ordinary sands. With it, in much smaller quantity, muscovite has
a wide distribution, being chemically indestructible under the con-
ditions implied in erosion and transportation. Felspars, pyroxenes,
hornblende, and biotite are in varying degree liable to suffer decom-
position, and are consequently of less common occurrence in sands
deposited under normal climatic conditions; and the most easily
destructible minerals, such as olivine and nepheline, are not found.
The climatic conditions here contemplated are those which must
always prevail over most parts of the globe, implying a sufficiency of
moisture to facilitate the usual chemical changes. In a very arid
climate, and also under arctic conditions, weathering is practically
in abeyance ; so that a desert sand, for instance, may contain abun-
dant fresh felspar. This we may regard as a special case.

The distinctive minerals of crystalline schists and other meta--
morphosed rocks make their contribution to sands. Tourmaline and
common. garmet, and in a less degree cyanite and staurolite, are

L Centr. f. Min., 1923, pp. 289-97; Neu. Jahrb., Beil. Bd. Iv (1927), pp.
333-92.
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suticiently stable to persist @ some other minerals. such as andalusite
and cordierite, have usually perhhed Of interest too are the minor
ACLeSSITY r-xmmﬁ: which occur as minute crystals in igneous and other
Crvst - Mine reaks o zircon. rutile. anatase. apatite, and the rest. Most
of these ure f.emna!lv stable. and so come to have a wide distribution,
izt very sparing amount. in detrital sediments. They are, as a class,
iga\v minerals. and for this reason. desplte the small size of the
crvstals, thev figure rather in sands than in clays. The densest
rinerals — magnetite and ilmenite. pyrites and pyrrhotite-—tend to be
comventrated in particular seams of the deposit.

In al! arenavecus sediments other than incoherent sands there is,
akdition to the detrital grains. some cementing material, which
senves to bined the grains together. This may be furnished from the
substance of the grains themselves. especially by recrystallization of a
small part of the quartz. In many of our Lower Palaeozoic grits the
interstiial cement is of quartz enclosing chlorite, sericite, or kaolin,
these being derived from the decomposition in place of grains of
felspar, hornilende. and other minerals. Other common cementing
substances are iron-oxide (haematite or limonite) and calcite, the last
prebably often introduced in solution from an extraneous source
It is to be recognized also that the ideal severance between coarser
and finer detritus as laid down under water and the deposition of
caleareous material on separate areas of the sea-floor are in fact only
imperfectly realized. For these reasons most arenaceous sediments
include, in addirion to the clastic grains, some admixture of material
having a different origin. Ferruginous and partly argillaceous sand-
stones may be treated together with those of purer constitution ; but
the presence of any notable amount of carbonate so modifies the course
of metamorphism, that calcareous sandstones will be more con-
veniently considered in another place.

THERMAL METAMORPHISM OF PURER ARENACEOUS SEDIMENTS

It 13 in the adventitious element present in most arenaceous rocks
that the earliest effects of metamorphism are commonly to be observed.
In a pure guarrzose sandstone or quartzite no change is to be expected,
until & temperature is reached at which a general recrystallization
sets in. The only exception is the dissipation of fluid-inclusions in the
fuartz-grains, an effect first noted by Sorby.! A pure quartz-rock
recrystallized in metamorphlam presents a typical example of the
simple mosaic structure. in which all traces of the former clastic

are obliterated (Fig. 20, 4). At the same time, any slight
! Quart. Journ. Geol. Soc., vol. xxxvi (1880), Proc., p. 82.
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original impurity betrays ifself by the formation of granules or scales
of some new mineral scattered through the quartz-mosaic. A chert,
composed originally of cryptocrystalline silica, likewise recrystallizes
to a quartzite in thermal metamorphism.

A feature of these metamorphic quartzites is their even-grained
texture. connected, as we have seen, with the influence of surface-
tension on solubility (p. 20). In a rock of such simple constitution
size of grain may afford a rough index of the grade of metamorphism

artained.

FI6. 20.—QUARTZITES ; X 25.
4. Manx Grit, metamorphosed near the Foxdale granite, Isle of Man: the whole
recrystallized to a simple mosaic of quartz.
Grit in Coniston Flags, metamorphosed near the Shap granite, Westmorland.
In addition to quartz, there is some augiie, formed by reaction between chlorite and calcite
in the original sediment.

Increasing coarseness of texture is not, however, the only possible
change in a purely quartzose rock which, already recrystallized, is
subjected to further rise of temperature. The point 575° C., which
marks the inversion between the two forms of quartz, must often be
passed in metamorphism of an advanced grade, and the change is
one which takes effect promptly in either direction. Doubtless there
are among our metamorphic quartzites not a few in which the quartz
has been of the highest form, and has inverted to the lower on cooling ;
but the signs which mark this change in the coarser granites and
pegmatites 1 will probably not be detected in ordinary quartzites.

! Wright and Larsen, dmer. Journ. Sci. (4), vol. xxvii (1909), pp. 42147,
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Another significant point on the ‘ geological thermometer’ is 870° C.,
the inversion-point between quartz and tridymite. It is probable
that this temperature also is sometimes attained in metamorphism of
the highest grade. as in the near vicinity of an ultrabasic intrusion.
It is well known that the inversion is one which proceeds with extreme
reluctance, and mav be indefinitely suspended. There is also the
pessibility that tridymite may be formed at temperatures below the
theoretical inversion-point.? Whether the production of tridymite
in high-grade metamorphism leaves any permanent trace in the cooled

¥16. 21.—HIGHLY METAMORPHOSED FELSPATHIC SANDSTONE, in the Torridonian
bordering ultrabasic intrusions, Isle of Rum ; x 25.

A. The rock i wholly reerystallized, and much of the quartz has given rise to flakes
of widymite. These, embedded in felspar, preserve their outlines, although now replaced
by guarnz.

Here much of the recrystallized quariz has entered into delicate micrographic
: with the fal

rock must depend upon the circumstances of the case. 'With relatively
rapid cooling it is perhaps possible that the tridymite itself may be
preserved as a characteristic aggregate of minute flakes, while a some-
what slower rate of cooling may yield quartz in shapes pseudomorphic
after tridymite. More often, it may be, sufficiently gradual cooling in
presence of a solvent will permit of a rearrangement in which such
residual stracture is lost.
A case more favourable for study is that of a felspathic sandstone.
Here the shapes of tridymite, formed in a high grade of meta-
are preserved by being embedded either in recrystal-
*Cf. Larsen, Amer. Min., vol. xiv (1929), p. 87.
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lized felspar or in glass. The Torridon Sandstone of the North-West
Highlands is composed essentially of quartz and abundant fresh
felspar, mostly a red microcline. At several places in the Isle of
Rum it is highly metamorphosed near intrusions of eucrite and
peridotite. As in other red sandstones, the first sign of change is
the disappearance of the red colour, which results from the dis-
seminated minute scales of haematite being reduced to magnetite.
Ultimatelv quartz and felspar are alike recrystallized. In places
where all was quartz the usual mosaic structure is seen ; but where

¢. 22.— VITRIFIED SANDSTONES, showing corroded relics of quartz ina colourless
glass; x 125.

4. TIsle of Soay, near Skye : with minute crystals of cordierite, magnetite, and

oxene.

B. Corrmary, Islay : showing cordierite and fine needles probably of mullite. A
detrital crystal of zircon is fractured but not otherwise changed.

quartz was in contact with felspar, it shows a crenulated outline due
to corrosion ; and there has been an abundant production of little
tridymite flakes, either as a fringing growth or more widely dispersed
(Fig. 21, 4). These are now changed to quartz. Elsewhere recrystal-
lizing quartz has entered into micrographic intergrowth with felspar,
showing much variety of detail (Fig. 21, 4, B). Indeed, except in the
preponderance of quartz over felspar, some of these metamorphosed
arkoses reproduce all the features of granophyres and spherulitic
quartz-porphyries. .

In some occurrences of metamorphosed sandstones, comparable
with those near the peridotites of Rum, but where the cooling has
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heen more rapid. more or less glass is produced. having f(he c?mposition
of a micture of felspar and quartz; and, embedded in this, pseudo-
morphs after tridvmite may be preserved. A good example is the
Old Red Sandstone at its contact with the Bartestree dyke, near
Hereford.! The same thing is seen more frequently in partly fused
yenoliths of sandstone enclosed in basic intrusions, such as those
described by Thomas 2 from Mull

It shoul;l be remarked that sandstones, no less than slates, may
be more or less completely vitrified under favourable conditions, and

FIC. 23.—METAMORPHOSED ARENACEOUS ROCKS, near the Lausitz Granite,
Saxony; X 25.

with som= biotite and epidote. the distribution of these outlining the
al sandstone. At the bottom is a small crystal of zircon, unaffected

that this is more likely to befall a felspathic sandstone than a purely
quartzose one. In the isle of Soay, near Skye, the Torridon Sandstone
is vitrified at ifs contact with certain basic and ultrabasic sills of no
great thickness.? It has yielded a clear glass, enclosing very numerous
minute crystals of cordierite, magnetite, and sometimes tridymite,
with corroded relies of quartz (Fig. 22, 4). Inclusions of sandstone

* Reynolds, Quart. Journ. Geol. Soc., vol. Ixiv (1908), plate lii, fig. 6.

* Quart. Journ. Geol. Soc., vol. Ixxviii (1922), Pp- 23940, and plate vii, fig. 5.

> Tertinry Igneous Rocks of Skye (Mem. Geol. Sur. U.K., 1904), pp. 245-6,
and plate xxi, fig. 3.
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in basalt are often partly vitrified, and numerous oceurrences have
been described under the name ° buchite’. The pale or brown glass
contains minute crystals of cordierite, mullite, and other minerals.
Analvses * show from 3 to 5 per cent. of water in the inclusion asa
whole, while for the glass the figure may be as high as 10 or 12.
(learly an abundant supply of solvent has been present, which has
been fixed in the buchite, while it is lost from the enveloping basalt.

FIG. 24.—METAMORPHOSED GRIT, Skiddaw Grit, near the Skiddaw granite, Sinen
Gill, Cumberland ; x 25.

A. Biotite-Quartz-Hornfels: a mosaic of quartz and biotite, with some muscovite
and magnetite.

B. A more advanced grade of metamorphism, in which garnet also figures. The
rock shows banding, the right half of the field being of coarser grain and containing
muscovite, while the left half is richer in biotite.

THERMAL METAMORPHISM OF MORE IMPURE ARENACEOUS SEDIMENTS

In a sandstone composed entirely of quartz, or of quartz and
fresh felspar, no chemical reaction can be set up in metamorphism ;
and most of the accessory minerals of detrital origin undergo no change
other than recrystallization. This may take place sooner or later,
according to the nature of the mineral Rutile and tourmaline
recrystallize at a very early stage ; magnetite, muscovite, etec., follow
in their turn ; only zircon remains untouched in the highest grade of
metamorphism (Fig. 22, B). It is otherwise with such substances as
chlorite, sericite, kaolin, limonite, calcite, etc. These are decomposi-

1 Lemberg, Zeits. Deuts. Geol. Ges., vol. xxxv (1883), pp. 563-8,
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tion-products, which whether formed before or afte.r the deposition of
the sediment. are essentially low-temperature minerals. They are
verv ready to enter into various reactions with one another a.nc.l with
qur;rzz. and sorne of these reactions demand no great elevat-lor? of
remtwrature. Sercite. chlorite. and limonite may give rise to biotite :
calcite and kaolin 1o epidote; chlorite, calcite, a_.nd quartz ?o augite
(Fig. 2. B;: and so for other combinations. These various new
roinerals. ar their first appearance. figure as numerous little flakes
or granules in the interstices of the quartz-grains, and serve to indicate

F15. 25.—HIGELY METAMORPHOSED GRITS, in the Silurian, near the granite of New
Galloway ; x 25.

% has had a ecement of iron-oxide, now represented by a mnetwork of

les and minute sctahedra. There is also some pyrrhotite.

Tne clear part s a mosaie of quartz with some felspar and cordierite. Through

*hus are scattered hiotite, muscovite, garnet, and swarms of minute sillimanite-needles.

the original clastic nature of the rock, even after the quartz itself is
recrystallized to a new mosaic.  With advancing metamorphism this
fades out in consequence of the enlarged latitude of

(Fig. 23).

An analogous case is presented by radiolarian cherts in the South
of Scotland. where they come within the aureoles of the Galloway
granites.? At first minute flakes of biotite appear scattered through
the rock. except in clear oval spaces which represent radiolarian tests.
Later the outlines of these are obliterated, while the quartz-mosaic

* Horne, Rep. Brit. Assoc. for 1892 (1893), p- 712; Ann. Rep. Geol. Sur
for 1806 {1897), pp. 46-7
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acquires a coarser texture, and the hiotite-flakes become fewer and
larger.

‘Somewhat similar is the behaviour in metamorphism of sandstones
with a ferruginous cement. Whether limonite or haematite, this is
speedily transformed to magnetite with interstitial occurrence. In
this case. however, this original distribution may persist into a high
grade of metamorphism (Fig. 25, 4). The magnetite is either in
granules or in strings of little octahedra.

" The non-detrital material in sandstones, when it is not ferruginous

4

B
FI16.Y 26.—BIGHLY METAMORPHOSED GRITS, in the Silurian, near the granite of
New Galloway; x 25.
4. Originally an iropure pebbly sandstone : now composed of biotite and quartz with

some cordierite. The outlines of small pebbles are still indicated, though no longer sharp.
w B. From a lenticular streak consisting entirely of red garnet and quartz.

or calcareous, is broadly comparable with the substance of ordinary
argillaceous sediments. The new minerals produced in metamorphism
are therefore in general the same that we have already met with.
But while a slate and an argillaceous sandstone may be represented,
at a given stage of metamorphism, by like mineral-associations, the
relative proportions of the several minerals will be by no means the
same. Rocks resulting from the metamorphism of impure sandstones
come therefore to have characters sufficiently distinctive. Quartz is
here much more abundant, while the more aluminous silicates, anda-
Ilusite and cordierite, figure much less prominently. Orthoclase and
plagioclase (usually oligoclase) are much more widely distributed
than in metamorphosed slates, and are often plentiful: they come
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shen from the reervstallization of detrital felspar.  Corundum and the
spinels minerals which do not form in presence of free silica—are in
seperai alsent. .
" tjnartz and felspar. with cordierite if present, are the minerals
with the lowest force of crvstallization. and build a mosaie which
con~titutes the main bulk of the rock. In this as matrix the other
piireniis are embeddel. with idioblastic habit. Since these other
pirerals huve ako higher refractive indices, and some of them are
thev are unduly conspicuous, and the rock, though still

Fri. 2I.—CORDIERITE-GNEISS. a highly metamorphosed Devonian greywacke
near the Lausitz granite, Saxony; x 25.
T soomiierte rnakes large ovoid and lenticular grains, with numerous inelusions.
Tue pevt i sarse arzrezate of biotize, quartz, and (in the second figure) felspar. See
Tk, T=o50 30 Pa M., voll xiv 11893, pp. 332-7.

with a large preponderance of quartz, ceases to have any superficial
fikeness to a simple quartzite.

In the wrouressive metamorphism of an argillaceous sandstone
there is in general the same sequence of mineralogical transformations
thar we have traced in the purely argillaceous sediments. An early
Iandmark is the appearance of biotite. The little flakes, at first
interstitial between the quartz-grains, take on idioblastic shape as
the quartz recrystallizes freely (Fig. 23, compare 4 and B), and
Fistite continues to be prominent, usually in larger flakes, in the higher
srades of metamorphism.  Garnet marks a more advanced stage, but
this mineral, as we have seen, demands special conditions for its
formation (p. 54). Good examples of gametiferous rocks may be
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studied on Knocknairling Hill, near New Galloway, in the aureole of
the Cairsmore of Fleet granite (Figs. 24, B; 25, B). The crystals,
in addition to the common dodecahedron, show sometimes the
tmpezohedral form, which is known to be characteristic of the
manganese-bearing garnets.

Of the more aluminous silicates, cordierite is the most common,
but in the highest grade of metamorphism sillimanite becomes a
characteristic constituent, occurring as usual in very numerous fine
needles (Fig. 25, B). The rocks then may acquire a notably coarse
texture ; so that the principal minerals, often including felspars, can
be readily identified on a specimen. Owing to the enlarged latitude
of diffusion, even quartz-pebbles may be reduced to rather vague
patches with ill-defined outline (Fig. 26, A). There is for the same
reason. in this highest grade of metamorphism, a strong tendency to
the segregation of particular minerals in lenticles and inconstant
bands. On Knocknairling Hill there are streaks, an inch or two in
width, composed wholly of garnet and quartz (Fig. 26, B). Even
cordierite, when abundant, may form ovoid and lenticular patches of
some size, crowded, as is usual in this mineral, with inclusions of
biotite and quartz (Fig. 27). In this way, owing to slight original
differences between successive seams, exaggerated by a process of
segregation, there arises a pronounced gneissic banding. The rocks
may be styled sillemanite- or garnet- or cordierite-gneisses, according
to the most distinctive mineral which they present.



CHAPTER VI
THERMAL METAMORPHISM OF CALCAREOUS SEDIMENTS

Pure {arbonete-rocki—Sperial Features of Semi-calcareous Rocks—Thermal
Metamerphism of Impure Non-Magnesian Limestones—Thermal Metamorphism
of Frpurs Magnesian Limesiones.

PURE CARBONATE-ROCKS

UNDER the head of calcareous rocks are comprised in the first place
+hize whick consist wholly or mainly of carbonates, viz. the carbonates
of ealeium and magnesium and in less abundance those of iron and
manganese. The pon-caleareous element in such rocks may be of
3xgi§§aeeons or arenacecus nature, or may be material of direct volcanic
oricin. The behaviour of calcareous and semi-calcareous rocks in
thermal metamorphism presents some features which differentiate
these deposits fundamentally from non-calcareous sediments, and the
new minerals produced are also in great part different. Moreover, a
vert moderate content of carbonate in a sediment is enough to deter-
mire irs metamorphism along these special lines. For this reason we
shall group together here. not only limestones and dolomites, pure and
impure. but also rocks which the field-geologist would name calcareous
shales. sandstomes. or tuffs.

We will consider first a pure carbonate-rock. An ordinary lime-
stone. as laid down, is essentially of calcic carbonate with only a
small proportion of magnesian. It may, without any change in
total eomposition, suffer a recrystallization by aqueous agency at
ordinary temperature ; aragonite, if present, being transformed to
caleite in the process. Again, it may undergo a more radical change,

metasomatism, one half of the lime being replaced by

to give dolomite; a process sometimes almost contem-
poraneous with deposition, sometimes long subsequent. Amnother
metasomatic change, often associated with dolomitization, is the
replucerient of caleic by ferrous carbonate, yielding chalybite. All
these changes, not implving metamorphism in our acceptation of the
term. involve nevertheless a total alteration in the fabric of the rock,
with obliteration of organic and other original structures except those

of the larger order.
76
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Qince a limestone may be partially or wholly dolomitized, the
molecular ratio MgO : CaO for the rock in bulk may have any value
up to unity, but not higher. Magnesite is not found in this association,
but belongs to altered igneous rocks of the ultrabasic group.

The metamorphism of a pure carbonate-rock is necessarily a simple
process and without gradations. The dissociation of a carbonate,
since it involves liberation of a gas, is a reaction resisted by pressure.
TUnder the normal conditions of thermal metamorphism the pressure
is always sufficient to prevent the dissociation of calcite in a pure
carbonate-rock, and a simple non-magnesian limestone merely recrystal-
lizes, vielding an even-grained 7narble. Such a marble differs in no wise
from one recrystallized at ordinary temperatures. As seen in section,
the grains are of irregular shape, meeting one another in sinuous or
zigzag boundaries.

The behaviour of dolomite in thermal metamorphism is not always
the same. In some cases it merely recrystallizes, like calcite. A
dolomite-marble, however, is usually of finer grain than one of calcite,
and the structure is of a simpler type. Sometimes indeed the individual
grains offer some suggestion of crystal-shape, always that of the
primitive rhombohedron. Under different conditions, viz. with a
lower pressure, dolomite dissociates, but only as regards its magnesian
part,? so that the reaction implies dedolomitization :

CaMg(CO,), = CaCO, + MgO -+ C0,.

The resulting rock is accordingly a periclase-marble, composed of
periclase and calcite. The periclase, a mineral of pronounced idio-
blastic habit, appears as little octahedra embedded in the calcite
matrix. It has, however, almost always suffered change by hydration,
and is then represented by flaky pseudomorphs of brucite, Mg(OH),
(Fig. 28, 4). The rocks known in the Tyrol and elsewhere by the
names pencatite and predazzite are of this nature, and good examples
are found in Skye and in the Assynt district of Sutherland. Pencatite,
formed from a pure dolomite-tock, has calcite and brucite in equal
molecular proportions. Itis a close-grained white rock with the very
low specific gravity 2-57. Predazzite, derived from a partly dolomitized
limestone, has a larger proportion of calcite.

Ferrous carbonate, like that of magnesium and probably more
easily, suffers dissociation when heated under natural conditions, the
resulting product being magnetite. In Sweden and elsewhere there
are bedded magnetite-ores which have been attributed to the meta-

1 The dissociation-temperature at a pressure of one atmosphere is for calcic
carbonate 898° C., but for magnesian carbonate only 402°.



CALCAREOUS SEDIMENTS

5 of chalvbite. but these are intercalated among crystalline

A like transformation may sometimes be observed on a
sl seale even against a basalt dyke.? When sulphides are involveq
as well as carbonates. the reactions are more complex. Schneider-
hokn ? has deseribed the thermal metamorphism of some Westphalian
oresclepnsits. in which the characteristic reaction is the Feplacement of
chalvhite and chalcopstite by haematite and bornite, the latter
rsineral Teverting on cooling to chalcopyrite and chaleocite.

4 B
Fig. 2%.—METAMORPHOSED DOLOMITIC ROCKS; X

~atite :brucite and ealeire;, Kilehrist, Skye.
£, fiphicalvire serpentine and caleite). Ledbeg, Sutherland.

and zine carbonates too are easily decarbonated by
heat. At Franklin Furnace. in New Jersey, thermal metamorphism
of dialezite has given rise to hausmannite and franklinite. Of these
the former. a terragonal mineral, is perhaps Mn,MnO,, while the latter
is of the magnetite type. and has the approximate composition
MrFe.0,. with some replacement of manganese by zinc.

SPECIAL FEATURES OF SEMICALCAREOUS ROCKS

We rumn now to rocks which, in addition to carbonates, contain
a4 certain amount of non-calcareous material, which may be regarded
as an impurity. If we set aside a possible admixture of volcanic
ash. the extraneous material is in general siliceous or argillaceous,
and the substances of most importance in the chemistry of the meta-

! Busz, Cenir. . Min., 1901, pp. 489-04.
* Zeits. Krist, vol. Iviii (1923), pp. 309-29.
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morphism are silica and alumina. We have to do with a large number
of possible reactions between the caleareous and the non-calcareous
constituents of the rock, the simplest type being :

(aCO; 5 Si0, = (CaS10, +— CO,.

('alcire. which by itself would recrystallize without change, is, under
anv but the greatest pressures in thermal metamorphism, readily
decomposed when silica is present to take the place of the expelled
carbon dioxide. Dolomite is & fortiori even more readily affected.
The actual reactions are generally more complex than that set forth
as a type. and the resulting products in different cases include a long
list of minerals—silicates and aluminosilicates of magnesium and
caleium.

Rocks which are partly carbonate, partly non-carbonate, whether
thev be impure limestones and dolomites or calecareous shales and
slates. have, as already remarked, certain characteristics which
differentiate their metamorphism from that of other classes of rocks.
In their initial state they present an example of ‘ fulse equilibrium’.
The calcareous and non-calcareous elements are in an enforced
association which has no relation to true chemical equilibrium; and
if no reaction takes place between them, it is merely because at
atmospheric temperature the rate of any possible reaction is infinitely
small. The rate being accelerated by rise of temperature, reactions
come into play, and proceed with a rapidity limited only (since they
are endothermic) by the supply of heat. In most other rocks the
process is retarded by the very small quantity of solvent present, but
here this is reinforced by a copious supply of carbon dioxide liberated
by the reactions themselves. The peculiar characters thus inherent
in the metamorphism of rocks of this class have important conse-
quences, some of which may be noted in this place.

One result of the promptitude and rapidity of the reactions between
ealcareous and non-calcareous material is, that we cannot recognize
here any such gradations as we can distinguish in the early stages of
advancing metamorphism in simple argillaceous sediments. The
reactions in question, not only begin, but are completed, at an early
stage of metamorphism, as estimated by distance from an igneous
contact or by comparison with neighbouring non-calcareous sediments.
Where an ordinary shale shows only the beginning of change, a
limestone had its impurities already converted to new minerals, and a
calcareous shale is totally reconstituted, with loss of all its carbon
dioxide. The most striking instances of ‘selective metamorphism ’
have arisen in this way.
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Arnother consequence of the rapid formation of new minerals is
the frequent failure to establish chemical equilibrium. In this way
mav be produced in particular instances various metastable forms,
or azain anomalous associations of minerals. The number of distinet
rsinerals in some of these assemblages iIs In excess of that prescribed
by Goldschmidt's adaptation of the Phase Rule (p. 4). Such
aberrations are probably very general in the first rapid metamorphism,
bat. anless cooling also is rapid. they are likely to be obliterated by
adjustment of equilibrium.

Another respect in which partly caleareous rocks are peculiar is
thar the new minerals formed depend from the first upon the total
composition of the rock. More preciselv, they depend upon the
composition of the carbonate part, whether purely calcic or partly
n:agmesian, and of the non-carbonate part, whether merely siliceous
or alse albumincus. The reason for stating the matter in this way
will appear. if we examine the list of minerals actually found in this
asspelation.  They are very numerous, and a given metamorphosed
roek may embrace a considerable number of distinet mineral-species.
We will enumerate in the first place only those which are of most
eommon cecurrence. The purely caleic minerals, beginning with that
richest in lime, are wollastonite, lime-garnets, idocrase, prehnite (of
doubtful starus), sphene, zoisite and epidote, and anorthite (with
other lime-bearing felspars). Of these wollastonite is the only simple
siicate : the rest, except the silico-titanate sphene, are aluminosilicates,
all of orthesilicate type. All, with the exception of sphene and anor-
thite. are foreign to igneous rocks. The magnesian and partly
napgresian nidnerals, on the other hand, include both ortho- and meta-

3. normally non-aluminous, and are comparable with common
minerals—olivines, pyroxenes, and amphiboles. Of the
olivices, forsterite, with little or no iron, is the usual variety. The
pyroxenes are of the monoclinic division, and are represented generally
by diopside. Of the amphiboles, tremolite and allied actinolitic
varieties are the most common, but various coloured hornblendes are
also found. Fuller knowledge of their composition is a desideratum,
more especially as regards their possible content of alumina.

OF IMPURE NON-MAGNESIAN LIMESTONES

The simplest case is that of a non-magnesian limestone in which
the only impurity is silica, either as quartz or as chert of organic
origin.  No great elevation of temperature is necessary to initiate a
reaction. and the product is the metasilicate wollastonite. It is note-
worthy that the orthosilicate, which forms readily from a melt of
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appmpria‘te composition, is unstable under the conditions of meta-
morphism. and is of extremely rtare occurrence. The stability-
relations between the monoclinic and triclinic forms of wollastonite
have not been determined. Peacock! suggests that the former,
which he names parawollastonite, belongs to the lower temperatures.
The highest form pseudowollastonite is not to be expected in meta-
morphism of the ordinary kind, being stable only above 1150° C.?
Wollastonite appears as lustrous white crystals, often of considerable
size. With a sufficiency of silica, the limestone may be completely
decarbonated, yielding a simple wollastonite-rock (Fig. 2, B, above).
Since the ideal composition which we have supposed is not often
realized in fact, wollastonite is commonly accompanied by at least
small amounts of other silicates. Thus the presence of a little magnesia
is enough to produce some diopside (equivalent to wollastonite plus
enstatite), while any aluminous material present is likely to give rise
to grossularite (with the composition 3 wollastonite plus alumina).

Consider now a non-magnesian, or practically non-magnesian,
limestone containing a noteworthy quantity of argillaceous impurities.
Here is the material for a number of possible aluminosilicates. The
more important are all of the orthosilicate type, and have alumina
and lime in molecular proportions as follows :

Idocrase,? Ca,sMgAl ,(Si0,),s(0OH), 6:19,
Grossularite, Ca Al (810,)); 1:3,
Zoisite, Ca,(AIOH)AL(SiO,), 3:4,
Anorthite, CaAly(Si0,), 1:1.

They fall accordingly into two pairs, the one, relatively poor in
alumina, being characteristic of metamorphosed limestones, the other,
rich in alumina, of calcareous shales.

The most common product of metamorphism in argillaceous lime-
stones is a lime-garnet, which forms very readily. It is sometimes
produced in abundance even in the vicinity of a large dyke (Fig. 29).
Large crystals may thus be rapidly built up, crowded with foreign
matter, their growth being analogous to that of early crystals of
andalusite and cordierite in argillaceous rocks (p. 49). Since most
limestones are poor in iron, the garnet is usually a grossularite.

Y Amer. Journ. Sci. (3), vol. xxx (1935), p. 525.

2 It has been recorded by McLintock in marls metamorphosed by the com-
bustion of hydrocarbons; Min. Mag., vol. xxiii (1932), pp. 207-26.

3 This formula, equivalent to 6 grossularite + CaMg(OH),, was deduced
by Machatschki from a large number of analyses : Ceni. Min., 1930, A, p. 293.
Warren and Modell, from an investigation of the crystal-structure, give
Ca, Mg A1,Si40,,(OH), : Zeits. Krist, vol. Ixxviii (1931), pp. 422-32.
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Varieties rich in iron. often fuund in plutonic contact-belts in company
with ferriferous pyroxenes. have a special manner of origin, to he
diseussed later. Itz high force of crystallization causes garnet to be
Blioblastic asainst piost other minerals. wollastonite usually excepted.
The Fonns are the dodecahedral and less commonly the trapezohedral.
The well-known peculiarities of these lime-garnets are perhaps con-
nectesd with their rapid development. They show distinet zones of
srewthi: they are more or less decidedly birefringent, this property
varving in successive zones: and they exhibit polvsynthetic twinning,

4 B
FIs. 24— LIME-GARNET (GROSSTLARITE) EMBEDDED IN RECRYSTALLIZED CALCITE,
fromn ealcareous rocks metamorphosed near dolerite dykes; x 25.

4. Jursscie Limesrome. Carnasurary, Skye: showing a erowd of small erystals.
2. arkemdersus Limestone, Plas Newydd, Menai Straits.  The garnet is birefringent

th poiysymthetie twinning.  Rapidly formed, the crystals enclose a large amount
ion mazwer. The spague mireral is pyrrhotite.

made evident in virtue of the birefringence. Grossularite is very
often found in company with wollastonite.

Arother common associate of lime-gamet is idocrase (vesuvianite),
whieh: has a very similar composition. Since, however, hydroxyl
makes an essential part of its constitution, pressure must be one
raling conditien of its formation. As a normal product of thermal
metamorphism. idocrase is xenoblastic against wollastonite and
grossularite but idioblastic against quartz; usually also against
calcite. though here the relations are rather variable. It should be
added that idocrase is often found also partially or totally replacing
grossularite as a result of later change (retrograde metamorphism).

The place of zisite is often taken by clinozoisite or a slightly
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ferriferous epidote. These allied minerals form readily in a calcareous
sediment which is also sufficiently aluminous, and, like grossularite,
may be produced in abundance in proportion as the bulk-composition
of the rock when decarbonated approximates to that of the mineral
in question. Zoisite and epidote are strong minerals, but weaker
than wollastonite and grossularite.

Another lime-silicate of like associations is anorthite. Its composi-
tion is equivalent to that of wollastonite plus andalusite, and to produce
it the non-carbonate part of the rock must be rich enough in alumina
to vield andalusite. Anorthite, however, belongs to a higher tempera-
tm:e—gmde than the zoisite-epidote-minerals, and these may be
regarded as a stage in the formation of the lime-felspar in advancing
metamorphism. The felspar is not always anorthite. A mixed
sediment may carry more or less detrital albite, or again albite may be
generated at the expense of white mica by reactions already discussed
(p- 36) ; and between this and the anorthite there arise accordingly
various felspars of intermediate composition. Often, too, a certain
amount of orthoclase or microcline figures in the more highly meta-
morphosed sediments of this class. The production of potash-felspar
from muscovite and of lime-felspar from the zoisite-epidote minerals
may be parts of the same reaction :

H,KAL(SIO,), + 2Ca,(AIOH)AL(SIO,), + 2Si0,
— KAISi,0, + 4CaAlL(Si0,), - 4H,0.

The felspars are low in the crystalloblastic series, and the potash-
felspars in particular constantly show a xenoblastic habit.

The zonary arrangement of different varieties of plagioclase in
the same crystal, which is a consplcuous feature in so many 1gneous
rocks, is much less in evidence in metamorphic felspars but it is
found, and presents some points of interest. In igneous rocks,
allowing for some anomalies connected with supersaturation, the rule
is that the core of the crystal is more calcic and the margin more
sodic. In the crystalline schists, as remarked by Becke, the reverse
is found, though not without exceptions. - According to Goldschmidt,?
the zoned felspars of thermally metamorphosed rocks present an
intermediate case. In all the more calcic felspars the crystal is most
calcic in its core, and grows progressively more sodic, tending to a
composition Ab,An, at the margin. Varieties with an average con-
tent of An of 26 to 20 per cent. show little or no zoning, and the more
sodic felspars are most albitic at the centre.

The mineral prehnite is of not infrequent occurrence in meta-

1 Vidensk. Skr. (1911), No. 11, pp. 292-301. _
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morphosed calcareous rocks. and is regarded by some petrologists as 3
normal product of thermal metamorphism ; but its status as such is
not bevond question. In many occurrences it has certainly been
vresiuced by later reactions at the expense of other lime-silicates, and
this is often manifest from its mode of occurrence.

A common produet of metamorphism in argillaceous limestones is
sphene. Its composition is equivalent to that of wollastonite plus
rutile. and it owes its origin to the minute rutile needles which are
so widelv distributed in argiliaceous sediments. A direct reaction
between ratile and calcite would vield perovskite; but this mineral
is not known as a simply thermo-metamorphic product away from
igneous contacts.

THERMAL METAMORPHISM OF IMPURE MAGNESIAN LIMESTONES

The metamorphism of dolomites and partly dolomitic limestones
earrving various impurities presents some features of special interest.
The salient fact that emerges is that silica reacts with the magnesian
in preference to the calcic earbonate. It follows that, unless disposable
silica is present in amount sufficient for complete decarbonation of
the rock. one incident of the metamorphism is dedolomitization.
This is an effect which we have already observed in some pure car-
bonate-rocks as a consequence of the fact that the magnesian carbonate
bv itself is more easily dissociated than the calcic (p. 77).

Consider first a dolomitic rock containing silica as its only impurity.
Here are the materials for making a number of compounds: the
simple lime metasilicate wollastonite and orthosilicate larnite ; the
double silicates diopside. tremolite, and monticellite ; and the purely

silicates enstatite, anthophyllite, and forsterite. We find
in faet that the first mineral to form, and with a limited supply of
silica the only mineral. is the magnesian forsterife. This moreover,
unlike wollastonite. is an orthosilicate, taking up therefore a double
quantitv of magnesia. The two other orthosilicates, monticellite and
largite. are unstable forms, and the magnesian metasilicates, enstatite
and anthophyllite. are not found in this connexion. The commonest
resulting rock is thus a forsterite-marble (Fig. 30, 4). Idioblastic
erystals of forsterite are set in a matrix which is of calcite or of calcite
and dolomite. according as more or less silica was originally present.
The forsterite has often been replaced by a pale serpentine, giving the
rock known as ophicalcite (Fig. 28. B).  There are sometimes interesting
special structures, which are well exhibited in the metamorphosed
cherty dolomites of Skye. Here much of the contained silica was

Geol. Mag., 1903, pp. 513-14.
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originally in the form of sponges. and from these, at a time anterior
to the metamorphism, had become diffused into the surrounding rock.
Its distribution was of that rhythmical kind studied by Liesegang,®
resulting in numerous thin concentric shells alternately rich and poor
in silica. and these are now represented by alternations of serpentine
and caleite. The details of the structure at the same time illustrate
those pseudo-organic appearances which once passed under the name

of *Eozoon .2
If the original dolomitic rock contained more silica than would

4 B
FI6. 30.—METAMORPHOSED CHERTY DOLOMITES in the Cambrian of Skye; x 25.

. Forsterite-Marble, near the granite of Kilehrist : idioblastic crystals of forsterite

set in a matrix of calcite.
B. Diopside-rock, near the gabbro of Broadford. This represents a richly cherty

band, now completely converted to diopside. Note the decussate structure.

suffice to convert all the magnesia to forsterite, a lime-bearing silicate
makes its appearance. This, however, is not wollastonite but the
double silicate diopside, which is then found accompanying or replacing
the forsterite. In Skye it takes the place of that mineral in certain
beds or sometimes in patches which represent the vanished sponges,
and there are even cherty seams converted to solid diopside-rock
(Fig. 30, B). It should be observed that the formation of diopside
does not in itself import dedolomitization; but, if the mineral is
subsequently converted to serpentine and calcite, the same result is
Diffusionen (1913).

2 King and Rowney, Proc. Roy. Ir. Acad. (2), vol. i (1871), pp. 132-9; An

Old Chapter of the Geological Record (1881).
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reaclzel indirect] v, Adams and Barlow ! have explained 1n this way
the carisi 11 of son7ie serpertineus marbles in Ontario. .but doubtless the
yrore weal derivatioon of sexpentine in such rocks is from forsterite.

A ol ourlesstsanedite, inpirismatic crystals ox thickly felted needles,
152 roeenl of leess weneral distribution in this connexion (Fig. 31, ).
InSke it isfouwd espedally as a sein investing the.for%ns \.\'hich
repre-s;rat siliceris spongres,  [ts situation Lere, v\:lth dxopsxdie .msule
caml fore terite ouaticle. acoords with the intermediate composmon. of
the zampolibole.  Tremolite does not, however, enter the inner ring

3l—MET ANCERPIOSED CHEERIY DOLOMITES, near Kilchrist, Skye ; x 25.
1. TeemolizeMaarle : adense agregate oflittle prisms and fine meedles of tremolite

B. Diopside-Maxble with =matl octahedra of spinel.

of theeawrecles, mnd itis presumably unstable at the highest tempera-

turess o] metameonphism. It is to be noted that the now generally

accepted formuda of this mineral is Ca,Mg;Si;0.,(0OH),, involving
constitn tional b ylroxyl

The ferroussand man gan ous carbonates, like the magnesian and in

prefeenn ce to the caleie, enter readily into reaction with silica. Ina

merely ferrugineon  limestone or dolmite the iron goes into such

wdite and hedenbergite. The metamorphism of an

chalvhizeroek v give rise to ilvaite, with the formula

:- Fron impure catbonaterocks rich in man-

i tholomite with its zinc-bearing variety fowlerite.

HaZiburton eend Bancroft Areas (Mem. Geol. Sur. Can., 1910),
P 2E4
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(onsider next the metamorphism of a magnesian limestone con-
aining aluminous as well as siliceous impurities. If only a small
quantft_v of alumina be present in a disposable form, it may be taken
up into an amphibole. some member of the edenite-pargasite series
being formed instead of tremwolite! In a higher grade, where the
amphiboles cease to be stable, the alumina does not go into the
prroxene. but makes spinel, which is a very characteristic accessory
mineral in forsterite- and diopside-marbles. It appears in Ilittle
octahedra, colourless or of violet tint (Fig. 31, B).

FIG. 32.—CRYSTALLINE LIMESTONES WITH GROSSULARITE AND DIOPSIDE, !
Aberdeenshire ; x 23.

The examples selected are of coarser grain than most rocks of this type. In B the
irregularly shaped garnet, enclosing grains of diopside, suggests a hasty erystallization.

With a larger content of alumina the conditions are quite changed.
Since no magnesian alumino-silicate figures in our list, the alumina
goes now to make grossularite or idocrase. Diopside is found in
company with one or both of these minerals, but forsterite is no longer
formed (Fig. 32). In rocks not too rich in alumina, or too highly
magnesian, wollastonite figures in addition. The association grossu-
larite-diopside-wollastonite or idocrase-diopside-wollastonite is char-
acteristic of a widespread class of metamorphosed calcareous rocks,
the relative proportions of the minerals depending on the ratios
ALO, : MgO : CaO in the bulk-analysis of the rock. If the disposable
alumina present passes a certain limit, the simple silicate wollastonite
is ruled out, and the anorthite molecule takes its place.

1 Tilley, Geol. Mag., vol. lvii (1920), p. 454.
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This. however, iz a simplified view of the actual case. In an
ordipare arsillaceous limestone other components are present hesides
alumina and silica. the most important being alkalies, iron-oxides,
titania. and perhaps sulphur. Some magnesia also enters in the form
of detrital chlorite. The possibilities in respect of new minerals are
thereby considerably enlarged. Note in the first place that some of
the non-carbonate minerals in such a mixed sediment may merely
reervstallize without change. This is true. for example, of graphite
of detrital tounnaline, and in the lower grades of metamorphism of
woescorite. A special case, which need not be discussed in detail, is
that of a ecaleareous tuff. in which such minerals as felspars and
pyroxenes may suffer no change bevond recrystallization. The finely
divided albife. which is present in many argillaceous limestones, at
first recrvstallizes without other change. In a higher grade it is likely
5 becorne associated with new-formed anorthite, and we find accord-
inglv infenmediate felspars ranging from oligoclase to bytownite. Ina
hish grade. too. we often see some potash-felspar, either orthoclase or
peiericlize. and this can come only from the dissociation of white mica,
present as sericite in the original sediment. Any original limonite is,
a3 a first step. recdduced to magretife ; but at least part of the iron-oxides
iz ulrimately taken up into the silicate-compounds, viz. as the heden-
bergite rolecule 1n diopside and perhaps as andradite in grossularite.
Titanie acid. criginally present as rutile, goes to make sphene: the
titapiferous garnets, melanite and schorlomite, found in alkaline
ignecus rocks and in some contact-belts, have no place among normal
products of metamorphism. There is usually sufficient silica present
to convert all the alamina to silicates, but, if silica is deficient, a mineral
of the spinel group is formed, often a pleonaste. Among the various
t¥pes of metamorphosed limestones in the Carlingford district Osborne *
has noted one composed essentially of diopside, grossularite, spinel,
and caleite; and in the same district caleareous rocks which have
undergone prieurnatolysis as well as metamorphism contain pleonaste
as an abundant constituent (Fig. 53, B). Finally it may be remarked
that many ealcareous rocks have a certain content of sulphides. In
a high grade of metamorphism pyrites is converted to pyrrhotite by
the loss of part of its sulphur. The change takes place at some tem-
perature above 5007, depending of course upon the pressure.? Near
an igneous contact, however, pyrrhotite has often a pneumatolytic

Hag., veol Ixix (1932), p.
nd Johnston, dmer. J. Sci. (4), vol. xxxiii (1912).



CHAPTER VII -

THERMAL METAMORPHISM OF CALCAREOUS SEDIMENTS
(continued)

Lime-silicate-rocks—Stable and Metasiable Associations—Goldschmidt's Classi-
fleation of Types of Hornfels.
LIME-SILICATE-ROCKS

THE general course of metamorphism in impure limestones and dolo-
mites is simple. By such reactions as we have specified, with rising
temperature, the carbonates (and first the magnesian carbonate) are
replaced by new minerals, of which the most characteristic are mag-
nesia- and lime-bearing silicates, carbon dioxide being concurrently
expelled. The reduced amount of residual (recrystallized) calcite
finally associated with the new minerals gives a rough measure of the
degree of impurity of the original sediment. If the non-calcareous
part was initially in such quantity and of such a nature as to react with
the whole of the carbonates, no calcite will remain, and we have what
is conveniently styled a lime-silicate-rock. Mineralogically the name
covers a rather wide range of diversity. In addition to the mineral-
associations already noticed, a certain amount of quartz may enter,
when the original rock was of a gritty nature—a mineral which would
not be stable in company with calcite under the conditions of thermal
metamorphism. Inrespect of grain-size, too, a wide range of difference
may be observed. The coarser types are generally those made up
mainly of one mineral, or sometimes an intergrowth of two minerals.
The more common types, which are of composite nature, tend to
illustrate the other extreme. Here the development of crystals of
several different minerals from centres in close proximity has often
given rise to a very fine-grained aggregate. For such close-grained
lime-silicate-rocks, as developed among the metamorphosed Devonian
strata round the Cornish granites, Barrow has used the term calc-
fintas. Tt is a consequence of the large number of minerals which may
possibly enter, that slight differences of initial composition in successive
seams may result in very different mineral-associations, and accord-
ingly a finely-banded arrangement is a characteristic feature of the
cale-flintas (Fig. 33). In other cases a concretionary structure has
89
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civen fise to o concentrie arrancement of the new minerals (Fig. 52, 4,
helewl.

As resards the more important minerals formed in any given
ease. the controdiing factor is to be sought. as we have seen, in the
relarive proportions of lime. magnesia. and alumina in the original
selizvent. e particular case is worthy of note. While in a pure
eathonate-rock the magnesia (reckoned in ‘molecules) can never be
in exeess of the linse. this relation is emphatically reversed in any
ondinary tvpe of argillaceous sediment.  If then a dolomitic limestone

5
AT

i
s
A

N

T 33 —LIME-SILICATE-ROCKS {CALC-FLINTAS) from the Devonian of Cornwall
and Devonshire; 2 25.

san. near The St. Austell granite.  Green hornblende makes discontinuous

the orizinal Jamination : the rest is a finely granular aggregate of felspar

ize.nearthe Dartmoor granite : composed of little erystals of diopside with
o f,neurt e Budmin Moor granite.  This shows bands of zoisite on the left
-right ¢ in the neiddie colourless tremolite enclosing erystals of zoisite.
contains an abundance of forelgn material which is largely chloritic
in ecmposition, the ratio (a0 : MgO(4 FeO) in the mixed rock may
well be too low to permit the formation of such silicates as garnet,
wloerase. and wollastonite. The principal minerals produced are then
pyroxenes, amphiboles, plagioclase felspars, and sphene, giving a
well-characterized type of rock. It will be observed that these are
all familiar pyrogenetic minerals. Indeed some sediments of the kind
in guestion, apart from their content of carbon dioxide, do not differ
much in composition from some basic igneous rocks ; and it is natural
to find that, in a high grade of metamorphism, this resemblance
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should express itself in a like mineralogical constitution. A good
example is a rock in the Ducktown d1str1ct of Tennessee. originally
Jescribed as a quartz-diorite.  Various types are illustrated on a small
scale in the Cornish cale-flintas or in particular bands in that group.
In many partly calcareous sediments the non-carhonate element,
insteadd of being an adventitious admixture, makes up the chief bulk.
Cuch are the deposits styvled calcareous shales, slales, and sandstones.
Here the non-calcareous material is much in excess of what is requisite
for the complete decarbonation of all the carbonate present, and the
course of metamorphism is in consequence somewhat more complicated.
In addition to the class of reactions which we have been discussing,
there now come into play others of the kind formerly studied in the
metamorphism of simple argillaceous sediments. Nor is it sufficient
to picture the two sets of reactions as proceeding independently side
by side or successively, for they exercise to some extent a modifying
influence upon one another. One way in which this interaction makes
itself felt is in ruling out what we may regard as the more extreme
products on both sides, i.e. the more highly calcic and the more richly
aluminous. The lime-silicates formed in the metamorphism of such a
moderately calcareous sediment are characteristically the epidote
minerals in a low grade and lime-felspars in a higher. Grossularite
and idocrase are found only in bands which were rather more richly
calcareous, and wollastonite is absent. Of magnesian minerals there
occurs a pyToxene, probably near diopside, or a green hornblende, but
not forsterite. On the argillaceous side, biotite often forms freely,
and cordierite may be produced in the least calcareous bands, but not
andalusite. By considering the composition of the several minerals,
it is easy to see what associations are to be expected ; and the facts
as observed are generally in accord with Goldschmidt’s diagram,
given on page 99 (Fig. 38). For instance, grossularite and idocrase
are not found in company with either biotite or cordierite, while
diopside may occur with biotite but not with cordierite (Fig. 34, 4).
It should be remarked that the reactions for which we have
premised a peculiar promptitude and rapidity are only those which
take place between carbonate and non-carbonate. The metamorphism
of the argillaceous part of the rock, in so far as it can be regarded
separately, is a graduated process, though the adjustment of equili-
brium from grade to grade is presumably facilitated by the solvent
action of such free carbon dioxide as is present. Again, certain
reactions characteristic of an advanced grade of metamorphism will

1 Keith, Bull. Qeol. Soc. Amer., vol. xxiv (1913), p. 684; Laney, U.S. Geol.
Sur. Prof. Pap. 139 (1926), pp. 19-21.
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L pesanoted in rhe presence of lime. This is true in particular of the
reactinns by which alkali-felspars are produced at the expense of
micas {p. 3. Here the anorthite molecule affords a ready way of
disposing of the ewess of alumnina :
' HKALI0 ), — CaCO; — 2800,
= KAIRLO; — (aAlSi0,), — H,0 + CO,.

The sedie element in the mica gives rise to albite. Orthoclase and
plagioclase thus come often to be associated ; but there is no relation
between their respective amounts in a rock, for alumina to make

. 34, —METAMORPHOSED CALCAREOTS SLATES, in the aureole of the Carn Chois
diorite, near Comrie, Perthshire; x 23.

ispside.Bictize-Hornfels : composed of diopside, biotite, quartz, orthoclase, and
e

asenrdierite-Hornfels.  The most abundant mineral is labradorite, in
4 some of laxger size ; with this are cordierite, biotite, magnetite, and &
v, The sedizvent was one poor in silica.

may come from other sources, and albite has often been

present in the original sediment. In this way arise rocks somewhat
rich in plagieclase, usually of some intermediate variety—andesine
or labradorite—and containing in addition orthoclase and biotite.
The other minerals which may enter depend upon the proportion of
in the original sediment. The more calcareous shales and

yield diopside (Fig. 34, 4) or in a lower grade sometimes a
horpblende ; with a lower lime-content hyperstheme may

take the place of diopside, or biotite may be the only coloured mineral ;
and in ouly slightly calcareous rocks cordierite comes in (Fig. 34, B).
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STABLE AND METASTABLE ASSOCIATIONS

We have already been led to the conviction that under the con-
ditions realized in thermal metamorphism chemical equilibrium is in
general quite promptly established. For reasons given, this is espe-
callv true when part of the rock metamorphosed is composed of
carbonates. With continually rising temperature, various reactions
are successively brought into play ; and, by observing the results as
arrested at different stages, we are able to recognize successive grades
of metamorphism. To present a schematic view of this succession,
defined by particular index-minerals, is a less easy task, in view of
the wide range of bulk-composition met with in this class of rocks,
which expresses itself in different mineral-associations. Moreover, it
is especially in this class that the influence of pressure as an independent
controlling factor cannot be disregarded.

It is only at the lowest temperatures (in purely thermal meta-
morphism) that carbonates and free silica can coexist without mutual
reaction ; and the first formation of wollastonite or (in a more argilla-
ceous limestone) of grossularite or idocrase must be placed at a very
early stage. Since, moreover, wollastonite and probably grossularite
have no upper limit of stability in thermal metamorphism, they can
be of no service as index-minerals. Idocrase too may persist to the
highest grades, and its dependence on pressure and water-content
complicates its stability-conditions. In more richly argillaceous sedi-
ments, such as calcareous shales, the first lime-silicates to form are
minerals of the zoisite-epidote group, and these give place in a higher
grade to lime-felspars. The production of anorthite as a distinct
mineral marks always a high grade of metamorphism ; but it appears
that in presence of albite the zoisite-anorthite reaction is initiated at
much lower temperatures and carried on progressively. Any detrital
albite contained in the original sediment recrystallizes, as we have seen,
at a very early stage in the form of minute granules. When, at a
somewhat later stage, the little grains of clear felspar are more
developed, it can often be verified that they are no longer pure albite
but rather an albite-oligoclase. Comparative study goes to show that
oligoclase forms at a higher temperature and andesine and labradorite
in turn only in a distinctly high grade of metamorphism. Whether
these more calcic felspars can form at all, depends obviously upon the
relative proportions of zoisite and albite. If then increased knowledge
should establish the different varieties of plagioclase as known index-
minerals, they must still be used only with due caution. In calcareous
shales as in purely argillaceous rocks, the appearance of a potash-
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felepar marks a fairlv advanced grade of metamorphism, though it is not
to b assumed That the temperature indicated is necessarily the same ip
buth cases {(p. G20

In reaomesian Hniestones and in many of the more impure calcareous
wliments some member of the amphibole group may figure among the
prodduets of metarnorphisii ;. and. since these minerals are found in
the lower ansl meiium wrades but disappear in a high grade, they are
of ~ignificance in the present connexion. If such disappearance takes
efflect (for a given varietv of amphibole) at a definite temperature-
lisit. thev will evidently afford valuable indications. This may still
be tme. within reasonable limits, if these minerals are indeed merely
metastable forms. as is perhaps suggested by their often inconstant
of spuradic ccrurrence.

We have hitherto seen litrle reason to question the thesis laid down
at the vatset. that in thernial metamorphism chemical equilibrium
is in weperal promptly made good. Some apparent exceptions do
nut earry conviction. especially those which are cited as showing too
many different minerals in association, as judged by the standard
of the Phase Rule. Here we must remember the very narrow limits
of Jdiffusion and also in some cases the difficulty of determining the
exast number of components involved. We do, however, meet with
certain nineral-associations which are on the face anomalous, and one
of these is worthy of notice.

In the metamorphism of impure calcareous rocks we find grossu-
larite and diopside associated either with wollastonite or with anorthite,
bzt the two last-named minerals seem to be incompatible with one
ancther. The presumption is then that the wollastonite and anorthite
moiecules combine to make grossularite :

Anorthite — 2 Wollastonite = Grossularite - Quartz.

Nevertheless. in the Carlingford district,! in Deeside,® and else-
whiere. there are occurrences in which wollastonite and a lime-bearing
felspar are found in close association, with or without grossularite
iFig. 355, It is no doubt conceivable that the association shown on
the right side of the equation is stable below and that on the left
abbove a certain temperature, and that the temperature-range of
metamorphism embraces both cases ; but in fact the normal and the
apomaleus may be found near together with nothing to suggest any
sigmificant difference of temperature. Important variation of pressure

Geal. Mag., vol. Ixix (1932), pp. 223—4.
Trans. Roy. Soc. Edin., vol. Ivii (1933), p. 574
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is equally ruled out.? and it might seem that the close association of
wollastonite and a caleic felspar is to be explained as an instance of
failure to adjust chemical equilibrium. It does not appear, however,
that there are actual records of the occurrence of wollastonite with
aporthite itself, but only with intermediate varieties of plagioclase ;
and Osborne has suggested that the explanation may be found in the
presence of the albite molecule.

The most indubitable examples of the non-adjustment of equili-
brium occur in connexion with special geological conditions. Thev

FIG. 35.—ANOMALOTS ASSOCIATION OF WOLLASTONITE WITH CALCIC FELSPARS,
Pollagach Burn, near Cambus o’ May, Aberdeenshire ; x 23.

A. Wollastonite, with fibrous habit and a tendency to radiare arrangement, is seen
in contact with bytownite (dull from incipient change). The other minerals are diopside
and sphene.

B. Here grossularite occurs in addition. The radiating needles of wollastonite are
enclosed both in the clear felspar (andesine) and in the garnet.

are found, not within a regular aureole, but near contact with some
minor intrusive mass ; that is, in a place where a high temperature
was attained, but cooling was relatively rapid. The conditions, in
short, were such as have elsewhere given rise to vitrification in ordinary
shales and sandstones (p. 27). In such circumstances the metamor-
phism of impure calcareous rocks may yield, not only anomalous
mineral-associations, but particular rare maneral-species, which may
be confidently set down as merely metastable forms. Some of these
minerals are known only from one or two localities, where perhaps
several of them occur together.
! Higher pressure would favour the normal (garnet-bearing) association.
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Ameone the minerals having this special manner of occurrence
mm <t be reckoned the melilites, including gehlenite and other varieties.
A sell-known locality for melilite ? iz in the metamorphosed Triassic
dolomites of Monzoni (Fig. 36, ). More remarkable are the rare
ort hosilicates of caleium and magnesium :

Monticellite, CaMgSiO,,
Merwinite,? CaMg(810,),.
Larnite.? Ca.Si0,,
Spurrite,* 2(a,810, - CaCO,,

4 B

F15. 36.—RARE MINERALS IN METAMORPHOSED DOLOMITE, Monzoni, Tirol; x 23.

4. Melilite crystals set in calcite.
B. Fassaite and plecnaste in calcite.

the last being a compound of silicate and carbonate. These minerals
are found in close association with one another. An interesting
occurrence 13 that described by Tilley from the Chalk metamorphosed
by a dolerite intrusion at Scawt Hill, near Larne, Co. Antrim. Here
are found spurrite. larnite, melilite, merwinite, and pleonaste (Fig. 37).
Associated with some of these rare species are found also other
minerals having an anomalous composition of the kind suggestive of
named gehlenite, but see Buddington, Amer. J. Sci. (5), vol. iii
Pp- 71, 74
and Foshag, Amer. Min., vol. vi (1921), pp. 143-8

v, Min. pp. 77-86.
* Wright, Amer. J. i. (4), vol. xxvi (1908), pp. 54554 (Velardefia, Mexico).
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constrained or metastable solid solution. The pleonaste of Scawt
Hill contains 17 per cent. of the magnetite molecule, a much larger
proportion than is normally held in any spinel mineral.? A comparable
case is presented by certain highly aluminous augites, such as the
sassaite of Monzoni, found in company with melilite and monticellite
(Fig. 36. B). An alumina-percentage 10-12 or more distinguishes
fassaite sharply from the ordinary pyroxenes of thermal meta-
morphism. which are commonly referableto the diopside type, though
here more actual analyses are a desideratum.?

FI¢. 37.—RARE MINERALS IN METAMORPHOSED CHALK at contact with dolerite,
near Larne, Antrim; x 23.
4. Spurrite with nearly opaque pleonaste and interstitial caleite.
B. Porphyroblasts of spurrite set in an aggregate of larnite and enclosing grains of
the same ; a little pleonaste. .

“ GOLDSCHMIDT’S CLASSIFICATION OF TYPES OF HORNFELS

As an appendix to our discussion of metamorphism in sediments of
various kinds, it will be useful to summarize very briefly Goldschmidt’s
classification of different types of ¢ hornfels’ (p. 4), as since amplified
by Tilley.* It should be clearly understood, however, that such a
scheme, concerned only with totally reconstructed rocks, which
presumably represent final equilibrium associations of minerals,

1Vogt, Vidensk. Skr., 1910, No. 5, p. 9.

2 In regional metamorphism pyroxenes rich in alumina may be stable in
association with spinelled minerals and calcite, but not in presence of free silica ;
Tilley, Geol. Mag., vol. Ixxv (1938), pp. 81-5.

3 Quart. Journ. Geol. Soc., vol. Ixxx (1924), pp. 32-56 ; Geol. May., vol. Ix
{1923), pp. 101-7, 410-18, and vol. lxii (1925), pp. 363-7.

M—T
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throws no light on the course of metamorphism. The equations
written down by Goldschmide are not to be taken as representing
actual reactions. bur merely as expressing the relations between
certain winerals in respect of composition.
Gobisehmi it inquires what different associations of minerals, from
& selected list. are possible in sccordance with the Phase Rule. Thisis
doxme bxw discussing relations (or conceivable balanced reactions)such as:
A-B=C+D,
where the four lerrers stand for different mineral compounds. Here
the possible associations are :
either AB. ABC. ABD,
or CD. ACD, BCD.

Which of the two sets of associations is to be adopted cannot he
inferred theoretically, but must be determined by actual occurrences.
For our purpeses it will be sufficient to appeal directly to the petro-
sraphical evidence without following the steps of the argument, and the
whole scheme can be conveniently presented in the form of a diagram.

It includes the various types of homfels representing argillaceous
and caleareo-argillaceous sediments ; and the selected list of minerals
is : andalusite (with sillimanite), cordierite, enstatite (and hypers-
thene @), anorthite {with varieties of plagioclase), diopside, grossu-
larite. and wollastonite. Quartz may also be supposed present, those
rocks which are deficient in silica being reserved for later treatment.
The inelusion of albite also makes no difficulty ; but that orthoclase
and the micas find no place is a serious departure of the ideal scheme
from realities. Biotite is in fact present in all types except those
rick in lime, and orthoclase often enters in addition.

The diagram (Fig. 38) shows the relations of the several types which
contain free silica, the numbers corresponding with the different
classes distinguished by Goldschmidt, as given in the list which
follows. The inset numbers indicate limiting cases, implying some
particular adjustment of the total chemical composition. The
strietly non-caleareous rocks are covered by the first three types,
two of which have been supplied by Tilley.

(1) Andalusite, Cordierite.
(1A) Cordierite.

(1B) Cordierite. Enstatite.

(2) Andalusite, Cordierite, Anorthite.
{3) Cordierite, Anorthite.

'In the diagram ferrous are understood to be included with
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(4) Cordierite, Anorthite, Enstatife.
(5) Anorthite, Enstatite.
(6) Anorthite, Enstatite, Diopsi
(7) Anorthite, Diopside.
(8) Anorthite, Diopside, Grossularite.
(9) Diopside, Grossularite.
(10) Diopside, Grossularite, Wollastonite.

AL, 0O,
Andalusite
|
Cor'dzervte Iﬂ Anorthite

Grossu/arite

McO CaO
E£nstatite Dlap.svde Wo/lastonite

FI6. 38.—T SHOWING THE RELATIONS OF THE CLASSES OF HORNFELS

BY GOLDSCHMIDT.

In so far as the scheme is valid, the diagram exhibits clearly the
manner in which the mineralogical constitution is determined by the
total chemical composition. If we denote by A, M, C the relative
proportions (in molecules) of alumina, magnesia, and lime, the con-
ditions for the formation of the several minerals are seen to be as
follows :

for andalusite,

for cordierite, A>C,

for diopside, A<C,

for enstatite, A4+M>C,
and M+C > A,

for anorthite, . C<3A 4 M,

for wollastonite, C >3A 4+ M,

for grossularite, C>A + M.
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From t Le<e relations it would appear. e.¢.. that cordierite and diopside
are necessary alternatives, in the =ense that anv hornfels of the kind
in cnestion neist contain one of these mmemla. and cannot contain
btk o and awvain (in line-hearing hornfelses) w ollastonite and anorthite
for some variety of plavioclase) figure as necessary alternatives, All
such inferences. hu"‘.e\ er. are subject to correetion, haunu regard to
she winerals bivtite. orthoclase, and others. which are here ignored.
o puw to the quarizless types. it is evident in the first place
that. in anv of the foregoing types, the amount of quartz may be
«:Jp;;med 1o riwindle to zero without disturbing equlhbmum this
gives twelve limiting cases. If now we continue in imagination to
abetract siliea. it can eume only from the breaking down of some
silivate-mineral present, such as andalusite or cordlente. For these
twe minerals we have the relation:
5 Andalusite — Spinel = Cordierite — 5 Corundum,

ami it appears that the stable associations are those which include
car-dierite and cornndum.! So Tillev gives the following types, here
nurnbered consecutively for convenience :
11) Andalusite, Cordierite, Corundum.
{12} Cordierite. Corundum.
{13} Curdierite. Corundum, Spinel.
{14} Corundum. Spinel.
These mayv be regarded as the non-quartzose representatives of (1)
Carresponding with {1A) and (1B) we have in like manner :
{15y Cordierite. Spinel.
{18} Cordierite. Enstatite, Spinel.
Uther tvpes may be derived from (2) and (3):
17) Andalusite, Cordierite, Corundum, Anorthite.
{18} Andalusite, Corundum, Anorthite.
{19) Cordierite. Spinel, Anorthite.

To secure an artificial simplicity by disregarding minerals of
inconvenient composition Is a device already practised, in regard to
ignecus rocks. by the authors of the Quantitative Classification.
Though patently a source of error. it may be justified in the present
instance by the undoubted utility of Goldschmidt’s manner of treat-
ment and the lack of any alternative scheme.

* There are, bowever. records of the association andalusite-cordierite-spinel
and even of the four phases together.



CHAPTER VIII
THERMAL METAMORPHISM OF IGNEOUS ROCKS

Special Fealures of Igneous Rocks—Thermal 3 etamorphism of Basic Rocks
— Thermal Metamorphism of Deeply Weathered Rocks—Thermal 3Metamorphism

of Acid Rocks.

SPECIAL FEATURES OF IGNEOUS ROCKS

IN respect of their behaviour in thermal metamorphism igneous rocks
have hitherto received much less general notice than those of sedi-
mentary origin. They present nevertheless some features of more than
common interest. and to bring out the significance of these special
features, rather than a comprehensive treatment of the subject as a
whole, will be the aim of what here follows. Since thermal metamor-
phism is, in its most general aspect, merely a readjustment of the con-
stitution of a rock to more or less high-temperature conditions, it may
perhaps appear, upon a hasty judgment, that igneous rocks, themselves
of high-temperature origin, will be little susceptible to changes of this
kind. Such inference, while containing a certain measure of truth,
fails, however, to take account of some important considerations.

In the first place, the genesis of an igneous rock, starting from a
fluid magma and ending normally in a crystalline aggregate, covers
a wide range of declining temperature, and the several constituent
minerals. as we now see them, belong to different stages of the prolonged
process of cooling. In many rocks the latest-formed minerals have
crystallized at temperatures which may be overtaken in metamorphism
of quite moderate grade. Further, we know that the consolidation
of an igneous rock cannot, in the most general case, be truly pictured
as a simple separation of the several minerals in turn from the fluid
magma. Later minerals may be derived in part at the expense of
earlier ones which, crystallized at a higher temperature, cease to be
stable at a lower temperature in contact with the changed magma,
and are attacked by it. To such reactions most petrologists, following
Bowen,* assign an important part in the normal course of petrogenesis.

1The Reaction Principle in Petrogenesis, Journ. Geol., vol. xxx (1922),
Pp- 177-98; The Evolution of the Igneous Rocks (1928), chap. v.
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Whenever the early crvstals of important minerals have not heen
removed or in some way protected from contact with the magma,
thew will often he liable to partial or total resorption at a later stage ;
but whether such reactions. demanded by chemical equilibrium,
actuallv take effect or not will depend upon the conditions, and in
parti('u.l:zr upon the rate of cooling. In so far as any given igneous
rock has sctually passed through such changes with falling tempera-
ture, equilibrium being continually readjusted by the proper reactions,
we may reasonably expect that the reactions will be reversed by rising
temperature in thermal metamorphism.

If. on the other hand. owing to a too rapid rate of cooling or any
other cause. these reactions making for equilibrium did not take effect
as the magma cooled, some of the constituent minerals of the resulting
roc k must be in a metastable state. It cannot be doubted that a rock
of such constitution will be eminently susceptible of thermal meta-
morphism. This is perhaps most clearly illustrated by considering
an extreme case. Ifthe rate of cooling be sufficiently rapid, crystalliza-
tion is practically inoperative in the later stages, and the resulting
rock consists partly of glass, which is essentially metastable. Now
we kpow that. when such a glass is heated to a moderate temperature
ancd so held for a time., devitrification is readily induced. Here
erv-stallization. which is normally the result of cooling, appears as an
effect of heating. It is an indirect effect, depending upon the fact
that the higher temperature restores molecular mobility. Doubtless
it also prornotes atomic mobility ; and we may confidently infer that

change in the direction of equilibrium with falling

ternperature, such as the uralitization of pyroxene, having failed of

effect in the first instance, may be precipitated when the rock is again

to a suitable temperature in the course of thermal meta-

We are also prepared to find that a suspended reaction

of this kind, made effective in a moderate grade of metamorphism,
will be reversed in a higher grade.

An igneous rock, then, even when freshly consolidated, is not
ikely to be immune from change when subjected to any notable
elevation of temperature. Besides this, few rocks that we meet with
are in a perfectly fresh state. Owing to secondary changes, whether
correctly described as weathering or not, there has usually been at
least some production of low-temperature minerals such as kaolin,
sericite, chlorite, serpentine, caleite, iron-oxides, etc. These are in
fict the same substances that we have met with as the constituents
of argillaceous and calcareous sediments. Here, however, they have
not been distributed into separate deposits, but remain for the most
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part in the rock in which theyx were generated. Some redistribution
of the various secondary products within the rock is likely to be found,
but it is as a rule narrowly limited. The process is a selective one,
depending on relative solubility. Sericite and kaolin remain where
thev were produced, and so for the most part do serpentine and the
imy-x-oxides. Epidote, chlorite, silica, and the zeolites are more liable
to travel. and calcite. the most soluble of all, is also the most vagrant.
These are the minerals commonly found in fissures, steam-vesicles,
and other places of relief of pressure, the influence of pressure upon
solubility being a controlling factor in the redistribution.

The earliest effects of thermal metamorphism in an igneous rock
are shown by such low-temperature minerals, if any, as are present,
including alteration-products of the kind just enumerated and some-
times the latest products of magmatic crystallization. Upon a
moderate elevation of temperature these minerals readily undergo
change, either individually or by reaction with one another. Inei-
dentally there is an elimination of any oxygen or water or carbon
dioxide taken up by the igneous rock in weathering or other destructive
changes. Here we see in the successive reactions induced by rising
temperature a reversal of those changes of the nature of degradation
which affected the original rock with falling temperature (see p. 47).
This principle, in which ‘ anamorphism * appears as the opposite of
* catamorphism ’, constituting the complementary part of a grand
cvcle of change, is applicable to thermal metamorphism in general, but
it is in igneous rocks that it is most clearly exhibited. Here, since
there has been no wide dispersal of the products of degradation, the new
combinations which come from metamorphism arein general such as are
familiar in pyrogenetic minerals, and the ultimate result is the restora-
tion, as regards mineralogical constitution, of the original igneous rock.
Some concrete examples will serve to set the matter m a clearer light.

THERMAL METAMORPHISM OF BASIC ROCKS

The amygdaloidal basalts of Tertiary age in Skye! and Mull 2
have in many places been metamorphosed by subsequent plutonie
intrusions. In the non-metamorphosed basalts the contents of the
amygdaloidal cavities may include chlorites, calcite, chalcedony, ete., but
the principal and often the only minerals are lime- and soda-zeolites.
Waiving for the moment the question of the precise mode of origin
of these zeolites, we may conceive them as derived from plagioclase

1 Tke Tertiary Igneous Rocks of Skye (Mem. Geol. Sur., 1904), pp. 50-3.
* Tertiary and Post-Tertiary Geology of Mull, eic. (Mem. Geol. Sur., 1924),
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felspars by simple reactions involving hydration.  We find accord-
inale that thev arerepresented inthe metamorphosedrocks by acrvstal-
Ziﬁe.aagregﬂé of pldis-lase felspar. with or without other minerals,
The weneral correspondence between the plagioclase group and the
Lime- and soda-zeolites is sufficiently apparent. In both we see the
ratios (in moleculest:
N2 — Ca0: ALO, 1[0, =T1:1:0,

where » ranwes from 2 to 6. There is not indeed a correspondence
terr b term. It i= to be remarked. however, that the zeolites seldom
oceur ;in;v}y but in associations of two or three species together. It
i3 easy to devise such equations ! as:

Ab,An, ~ 11H.0 = Natrolite - 3 Scolezite,
Ab,An, — SH,0 = Chabazite < 2 Analcime,
Ab,An, — 9H.O = Heulandite - 4 Analcime ;

or. azain, since free silica and other substances may accompany the
zeolites :

Albite — H.O == Analcime + Quartz,
2 Albite — H,O = Natrolite — 3 Quartz.

Equations of this kind may well represent reversible reactions, which
are driven towards the right with falling and towards the left with
rising Temperature.

This is. however, an incomplete view of the origin and meta-
morphism of the amygdales in these rocks, which present features of
special interest. There is good evidence to show that in these basalts,
and probably in many other amygdaloidal lavas, the minerals within
the steam-vesicles are not secondary. but are the latest products of
ervstallization from a magma which had become rich in water and
finally forced its way into the cavities. They are derived, not from
the destruction of felspar ervstals, but from anorthite and albite
molecules becoming hydrolysed in the aqueous magma. Further,
the several minerals so found in association do not all belong to the
sanze stage in the process of cooling, and later minerals have often
been: formed at the expense of earlier ones. They constitute in that
case & ‘reaction-series’ as defined by Bowen. McLintock 2 has
stadied from this point of view the amygdaloidal basalts of the Ben
More district of Mull and their metamorphism by subsequent intrusions

* Tadopt here the text-book formulae for the various zeolites without inquiry

conceming the significance of the contained water.
2 Trams. Roy. Soc. Edin., vol. v (1915), pp. 1-33.
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of granite. He makes it appear clearly that the reactions set up in
metamorphism represent exactly the reversal of those which had
raken place in the final stages of magmatic crystallization. The
commionest zeolite in this district is scolezite, and this is the final
rerm of a reaction-series which includes grossularite, epidote, and
prehnite. In metamorphism the scolezite is first transformed to
i;rehnite, this in turn to epidote, and so finally to grossularite.
Where basic rocks have suffered changes of the nature of weather-
ing. calcite is a more or less abundant product ; and the redistribution

FIG. 39.—METAMORPHOSED IGNEOUS ROCKS; X 23.

4. Amygdaloidal Pyroxene-Andesite, Wasdale Head, near the Shap granite, West-
morland. The only noticeable change in the body of the rock is the production of small
flakes of biotite. The amygdales have a green hornblende instead, with some felspar and
erystals of brown sphene : one at the battom of the field is of quartz.

Gabbro metamorphosed by later acid intrusions, Caldbeck Fells, Cumberlend.
The gabbro is of a basic variety rich in apatite and iron-ore, which remain apparently
iptact. The augite is replaced by fibrous green hornblende with patches of brown biotite,
the latter only in the neighbourhood of the iron-ore. The felspar has been cleared of its
minute inclusions.

of this within the rocks, in virtue of its relatively free solubility,
becomes an important factor influencing subsequent thermal meta-
morphism. The Ordovician lavas in the aureole of the Shap granite,
Westmorland, afford very good illustrations.! The pyroxene-andesites
on the west side of the granite were rocks not very rich in lime, and
here calcite was mostly collected into the amygdales. In the general
body of the andesite metamorphism has given rise to abundant

1 Harker and Marr, Quart. Journ. Geol. Soc., vol. xlvii (1891), pp. 292-301 ;
vol. xlix (1893), pp. 359-65.
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bintite. formed by reactions between chiorite, sericite. limonite, etc.
bt in the amvedales we find especiallv lime-bearing minerals. chiefly
a oreeny heomblende Lat also epilote. sphene, ete. (Fig. 39, 4). To
the nerth of the oranite were basaltie lavas much richer in lime. and
here caldte had been produved more plentifully. It was generallv
dissenzimited. s well as mathered in vesiclesand fissures.  Accordingly,
it: the s.om . 11+ ! rocks green hornblende is of general oceurrence
insteard of biotite, There were large amvgdales, lines with chlorite
anei chalesdony and glled in with caleite: and here a number of

Fid. $5L— METAMORPHOSED IGNEOUS ROCKS; X 25.
4. Basn- Tudl: near the Shap granite, Longfell Gill, Westmorland.
et : are flakes of brown biotite and little octahedra of

granita, Caraeol, Arman.  Well-shaped crystals of hornblende
of biotite. The felspar shows only the beginning of change,
hed.

silicates have been formed—epidote, green actinolitic
augite, sphene. and large crvstals of grossularite. In the
centre of the largest amvedales is calcite, recrystallized without
being too far from any source of silica to take part in

chemical reactions.
tuffs. owing to their original finely clastic state and con-
Liability to weathering. are even more readily affected in
thermal metamorphism than are lavas of like nature (Fig. 40, 4).
%o far we have discussed changes set up by metamorphism in the
miner. and ussally very late, minerals in igneous rocks. When,
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however, a medium grade has been reached, the principal constituent
minerals of the rock begin to be affected in their turn, either by reactions
producing definite new minerals or at least by what is in appearance
a mere recrystallization. The fabric of the rock necessarily suffers
change at the same time, though larger structures, such as the por-
phyritic and amygdaloidal, may still persist. Here again it is the
basic rocks which furnish the readiest illustrations.

The most constant and noticeable change in any gabbro, dolerite,
or basalt which has reached a certain grade of metamorphism is the

FIG. 4]1.—METAMORPHOSED DOLERITE DYKES, near the Granite of Beinn an
Dubhaich, Skye; x 25.

A. Kilehrist. The ophitic augite is replaced by an aggregate of green hornblende,
with & few little patches of biotite. The felspar is cleared of its inclusions, but not
reervstallized. Narrow veinlets of hornblende traversing the clear crystals represent
eracks which had been occupied by chlorite.

B. Torran. This dykeisenveloped in the granjte, and shows a higher grade of meta-
morphism. Hormblende is seen in the upper part of the field, but has given place else-
where to granules of new augite. The felspar and magnetite (but not the apatite needle)
are recrystallized, and the original structure of the rock is only faintly suggested.
conversion of the augite to hornblende, commonly of a light green
variety (Figs. 39, B; 41, 4). As first formed, it makes distinct
pseudomorphs. Hornblende may arise too from decomposition-
products of augite, and this can often be distinguished by its manner
of occurrence, e.g. as slender strings occupying cracks in the felspar.
Rhombic as well as monoclinic pyroxene suffers uralitization, and even
bastite pseudomorphs after hypersthene are converted to a pale green

amphibole.! Closely associated with hornblende, as if taking its

! Harker, Quart. Journ. Geol. Soc., vol. 1 (1894), p. 332 (Carrock Fell, Cumber-
land).
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FEERY

place. patehes of deep brown biotite are not infrequently seen, and
thev usually oveur atour crvstals of primary magnetite. What js
here wsxm-i;;ﬁ}' werthiv of remark i< the conversion of a higher minera]
{pyroxene: to g Jower Gonphifole as an incident of thermal meta-
morphiisn, This behaviour, ar first sight ano_malous. f‘mds an explana-
tion in considerations alreadv noted (p. 102). It is a deferred or
which now takes effect when the appropriate

suspernie] reaction
temperature i realized. o
Tt:e pyroxene and the replacing hornblende dlffen.ng in com-
jresition, the transformation cannot be regarded as simple para-
morphisn:.  In general the reaction must involve also other minerals,
thouzh these may ke merelv minor constituents, such as magnetite,
sevonedary chlurite. serpentine. etc. A case of special interest is that
of gg;}s;:i-?e envelsped in a granitic intrusion and thermally meta-
rerpl Here. as will be noted later, the pyroxene is of a peculiar
kind. centaining the elements of plagioclase felspar as part of its consti-
sutivn.  Both it and the associated garnet. rich in the pyrope molecule,
are b zh-rressure minerals not stable under ordinary conditions: and
amphibolization in this case is to be regarded as a reaction between the
two minerak. It produces not only hornblende but plagioclase.
Any apypreciable recrystallization of the felspar of an ordinary
fasic revk comes later than the uralitization of the pyroxene, but
eertain changes due to metamorphism may be developed at an earlier
stage. The phenomena are not always the same. Often the dull
felspar erystals are seen 1o become quite pellucid, an effect probably
te be aseribed to the absorption of very minute inclusions of such
minerals as zoisite and sericite (Figs. 41, 42). On the other hand
there are pamerous cbservations of relatively clear plagioclase, es-
peciaily of the more calcic varieties, acquiring a peculiar cloudiness as
a result of thermal metamorphism.? This is due to the development
of a multitude of very minute opaque inclusions (Fig. 40, B). In
some instances there has been a formation of magnetite from an
original content of iron-oxide in the felspar, in other cases perhaps a
development of secondarv glass-inclusions. It seems that the subject
i= one which calls for further investigation. When recrystallization
of the felspar sets in, the crystals may not at first lose their individuality
i the process, and phenocrysts or the scattered crystals in a tuff may
or may pot be replaced by a granular mosaic. With advancing meta-
hism. however, original outlines are lost, and the whole rock

. Vidensk. Skr., 1921, No. 8. .
gor. Min. Mag., vol. xxii (1931), pp. 524-38. See also Miss G. A.
Proe. Linn. Soe., NS.W., vol. Iviii (1933), pp- 152-6.
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takes on a crystalloblastic type of structure. Since various chemical
reactions are in-progress, it is not to be assumed that recrystallization,
whether of felspar or of other minerals, leaves their original composition
unchanged. .

Magnetite and ilmenite of primary origin have often furnished a
certain amount of iron and titanium for the formation of biotite at a
somewhat early stage, but a general recrystallization of the iron-ores
belongs to a higher grade, following the stage of uralitization. It is
still later, if at all, that olivine is affected. At a sufficiently high

FIG. 42. —HIGHLY METAMORPHOSED BASALT LAVAS, enveloped by gabbro intrusion,
Skye; x 25.

4. Harta Coire. B. Druim an Eidhne. Metamorphism of a high grade has
restored the original mineralogical composition (augite, plagioclase, magnetite) but with
a crystalloblastic structure. The former figure still shows large porphyritic felspars,
usually reerystallized as single individuals, but the one on the left partly replaced by a
granular mosaic. B is the “granulitic gabbro > of Geikie and Teall: see Quari. Journ.
GFeol. Soc., vol. 1 (1894), p. 647, and Harker, Tertiary I gneous Rocks of Skye (1904), p. 115.

temperature it may become recrystallized ; but newly formed olivine
may also be found with a manner of occurrence suggesting its formation
from serpentine and other alteration-products.! Apatite often shows
no sign of change even in very highly metamorphosed rocks (Fig. 39, B).
Broadly speaking, the several constituents of the rock yield to meta-
morphism in an order the reverse of that in which they originally
formed from the magma. Ilmenite has sometimes survived meta-
morphism of the most drastic kind, and the zircon, which is an occa-
sional constituent of gabbroitic rocks, always remains intact.
1 MacGregor, Geol. Mayg., vol. Ixviii (1931), p. 508.
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The highest crade of metamorphism in ordinary basic ignecus
rocks is marked by the total ebliteration of all original structures
exeept those of a larre order such as the amygdaloidal.  Mineralogically
the rnost notable feature is the reappearance of augite, which now
Becomes the normal and stable ferro-magnesian constituent (Figs.
$1.B: 425 The uralitization effected at an earlier stage is thus
reversed. and hornblende formed by other reactions, e.g. in the interior
of amvdales, likewise wives place now to augite (Fig. 43, 4). The
new ausite has not necessarily the same composition as that of the

rI. 43.—HEIGALY METAMORPHOSED AMYGDALOIDAL LAVAS; X 25.

{. Basal near the peridotite of An Sguman, Skye. Totally recrystallized, showing
¢+, felspar, magustite, and p-eudomorphs after olivire. On the right is gart, of a

mdale, cooupied formerly by chlorite and zeclites, now by augite an felspar.

E. Prrozese-Andesite. Wasdale Pike, near the Shap granite, Westmorland. The

rok Taad ~uffered from weathering prior to metamorphism. Abundant flakes of biotite are

Thepood PICTLIDERT co::}ximent. 1ogether with new felspar. The large crystals within the
o of labradorite

rock. and it may be accompanied by hypersthene. Enclosed

of basic rocks with ©granulitic’ structure are of frequent

in the Tertiary gabbros and eucrites of Skye, Mull, and
Ardnamurchan. Sometimes they represent basalt lavas (Fig. 42 B);
but cften they seem to come from the reconstruction of older (and
more hasic) intrusive rocks, belonging to the same series as the
mass.! When an allivalite or felspathic eucrite has been

L Tertiary and Pot-Tertiary Geology of Mull (Mem. Geol. Sur. Scot., 1924),
p. 252-3; Geol. of Ardnamurchan (Mem. Geol. Sur. Scot- 1930), pp. 229-32, 308.
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thus metamorphized, a dark green spinellid (pleonaste) is sometimes
a conspicuous new product.t

THERMAL METAMORPHISM OF DEEPLY WEATHERED ROCKS

It has been shown that low-temperature alteration-products dis-
seminated through an igneous rock are eminently susceptible to change
in thermal metamorphism. More striking are the effects produced
when igneous rocks which have been deeply weathered throughout
are involved in 2 metamorphic aureole. Here again it is among basic
and ultrabasic rocks that we find the most remarkable examples.

In serpentine we have an instance of a rock composed almost
wholly of secondary minerals. Although the hydration and other
changes which convert olivine and pyroxene to serpentine may not
be correctly ascribed to atmospheric weathering, they are obviously
of a kind which we may expect to be reversed by high temperature.
It is found in fact that serpentine fused in a crucible recrystallizes
as a mixture of olivine and enstatite :

H Mg.Si,0, = Mg.Si0, + MgSiO, -+ 2H.0,
but what elevation of temperature this reaction demands we are not
informed. We cannot cite examples of peridotites which have certainly
come from the metamorphism of serpentine-rocks, but some occurrences
in the Eastern Alps possibly fall under this head.

The chief products from the destructive weathering of ordinary
basic rocks are calcite and chlorite. If the abundant calcite remains
in the rock, subsequent metamorphism follows the same general lines
as in an impure limestone, giving rise to such minerals as grossularite,
idocrase, and diopside. Often there has been some redistribution of
the calcite within the rock, and this is especially true where there has
been crushing and shearing, setting up a banded arrangement. Good
examples are furnished by the Devonian spilitic lavas on the western
border of the Dartmoor granite.? Some of these rocks are now
composed mainly of green hornblende and lime-garnet, disposed in
alterpating parallel streaks. Other minerals which enter are epidote
and zoisite, diopside, and some biotite. ’

Under other conditions basic igneous rocks may suffer weathering
of a more drastic kind, the resulting calcite being more or less com-
pletely removed, while other constituents besides lime may also suffer
reduction. The proportions of the more stable constituents are thus
automatically raised, even when there is no actual accession of material.

* Geol. of Ardnamurchan, p. 317, with figure.

2 Geology of Dartmoor (Mem. Geol. Sur. Eng. and Wales, 1912), pp. 20-3,
plate 1I, fig. 4.
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(pantitarive estimates of the adidition and subtraction of the varicus
oxides involve an element of uncertainty @ for it is not safe to assume
it @ partieular constituent. such as alumina. remains unchanged,
avel +he alternative assurption of no change of total volume rests
s ussured raimds,

e ivrarion of dissolved material within a rock-mass subjected
te- destruetive weathering nay bring about some concentration if
certain vonstituents in particular places : but this process is probably
ek more efective as an incldent of metamorphism in the vicinity
»f 3 pluronie intrusion. heated water furnished by the magma serving

ax solvent and carrier {see below. p. 115).

THERMAL METAMORPHISM OF ACID ROCKS

it i+ in these that the principles enunciated at the outset are most
¢learly iustrated. The acid rocks and those composed largely of
alkali-felspars may be dismissed more summarily, except in so far as
they Exsfs»;_ius:e new points of interest. There are certain types con-
~isting essentially of felspars and quartz, and it 1s evident that here no
furreaching chenmical reactions are to be expected. At first there
may be onlv mechanical effects. such as the shattering of the larger
s wirtzeorains Inoa yranite. a consequence of unequal expansion. In
& sathelently advanced grade felspar and quartz become, at least in
part, ze ri<tallize:d wirh some tendency to a graphic intergrowth of the
rworninerals. The rhyolites or devitrified obsidians of Ordovician age in
Woestmorland are transformed near the Shap granite toa granular mosaic
of felspar and quartz. A few scattered flakes of brown and white
rieas represent chioritic and sericitic material in the original lavas.

Among the ferro-magnesian minerals a very characteristic change
is the replacement of hornblende by biotite, in an aggregate of flakes
making a pseundomorph (Figs. 40. B; 45, 4). Thisis clearly a deferred
reaction analogous to the conversion of augite to homblende, for
Bower's " reaction-series * pyroxene-amphibole-biotite may be regarded
as the normal eourse in magmas rich in potash. So also, to complete
the parallel. a high grade of metamorphism reverses the reactions.
Bith hornblende and biotite are destroved, giving rise to granular
augite, accompanied in the case of biotite by much finely divided
magnetite.  These and other points are well illustrated by the granites
and granite-gneisses of British Guiana,® where they are intersected by
massive dykes of quartz-dolerite (Fig. 44).

* Huarrison. The Geology of the Goldfields of British Guiana (1908), pp- 36-7,

7, ete.

Le basic ignestss rocks have been treated at some length, because

i
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In conclusion, something should be said of wenoliths—i.e. inclusions
of relatively small dimensions—of one igneous rock in another later
one.t These have naturally suffered thermal metamorphism after
their kind. The grade of metamorphism, depending on the highest
temperature attained, is determined by the nature of the enveloping
rock. more basic magmas being intruded or extruded at higher tempera-
cures than more acid ones. So, for example, a granite xenolith
enclosed in a quartz-porphyry shows hornblende converted to biotite

g. 45) ; while a similar xenolith enclosed in a basalt has its horn-

716. 44— GRANITES METAMORPHOSED in the vicinity of great dykes of dolerite,
British Guiana; x 23.
A. Biotite-Granite, Tinamu Falls of Cuyuni River. Flakes of biotite are ly or
wholly replaced by magnetite dust and granules of augite. The quartz has been shattered.
B. Homblende-Granite, Great Falls of Demerara River. The hornblende is com-
pletely replaced by granular augite. Some part of the felspar and quartz has been
reerystallized with a rude graphic intergrowth.

blende replaced by augite and its biotite by augite and magnetite.
Often, and especially in a case like the latter, there is some mechanical
breaking up of the xenolith and dispersal through the matrix. This
facilitates further reactions, involving an actual interchange of sub-
stance between xenolith and matrix. The production in this way of
heterogeneous and hybrid rocks makes an interesting study, but to
pursue it would carry us beyond the limits of our present subject.

! There is an extensive literature of xenoliths. See especially Lacroix,
Les Enclaves des Roches Volcaniques (Macon, 1893) and numerous later writings
of the same author.

u.—8
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The circumstances mayv be such that. after a high temperature
hiss beeen Teacherl. cooling is comparatively rapid.  This is especially
likelv to befall xenmoliths in a volcanic rock. and accordingly these
often <how the efects of loead fusion and vitrification. The case is
compamble in a zeneral sense with that of the * spotted slates ™ (p. 15) ;
Leext the centres of local fusion. instead of being scattered fortuitously
thiroizuh the mass, are here determined by the particular minerals
: In a wranite xenolith biotite is the mineral most easily
7 rystals of pleonaste,

present. )
affeczed. [t vieldsa brown glass enclosing minute ¢

F13. 43.—XENOLITHE OF HORNBLENDE-GRANITE IN QUARTZ-PORPHYRY, Carrick
Broad, Dundalk; = 23.
4. Sheows replacement of hormblende by biotite. Strings of chloritic alteration-
13 are replwad in the same way.
sare replace ment is seen, with some small relies of hornblende : but detached
s v 1 by the quartz-porphyry magma, have given instead a new erystal-

e, sillimanite, or sometimes hypersthene. The felsparsin the
xenolith may be still intact, except that cleavage-cracks have

breen opened and secondary glass-inclusions developed. In the extreme
case, however, a xenolith may be wholly fused, with the exception of
such refractory minerals as zircon. This is a condition eminently
favournble to intermingling of material with the surrounding magma.
We have tacitly disregarded the effects of pressure in the meta-

: rocks, although under deep-seated conditions this

certainly not negligible. Itsinfluence is shown in promoting

the formation of such minerals as pyroxenes, garnet, sphene, ete., in
-Law. This subject, however, will be more

treated under the head of regional metamorphism.



CHAPTER IX

PNEUMATOLYSIS AND METASOMATISM IN THERMAL
METAMORPHISM

Preumatolysis Superposed on Metamorphism—Introduction of Borates—
Introdurtion of Fluorides and Chlorides—Introduction of Sulphides and Iron Com-
pounds—Introduction of Soda—Other Metasomatic Changes.

PNEUMATOLYSIS SUPERPOSED ON METAMORPHISM

IN the thermal metamorphism of various sedimentary and igneous
rocks, as hitherto considered, the chemical reactions involved prac-
tically no material other than that furnished by the composition
of the rocks themselves. From the igneous intrusion which was
regarded as the cause of the metamorphism nothing was demanded
bevond heat, and sometimes perhaps a modicum of water in supple-
ment of that already present. In fact, however, it is often found that
the rocks adjacent to an intrusion have been invaded by emanations
from that source, which included in sensible quantity, not only water,
but other volatile bodies chemically more active. These have entered
into energetic reaction with the material of the rocks, as is often
proved by the incorporation of one or other of these active substances
in the final products. Chief among the bodies which play this part
are borates, fluorides, and chlorides. At a sufficiently elevated tem-
perature they are in the gaseous state, and this is implied in the term
preumatolytic as describing their chemical action.

It is not an arbitrary refinement that diseriminates between the
chemical action of water and the more restricted but more potent
action of its associates. While the ubiquitous water officiates at every
stage of metamorphism, the other volatile bodies, besides being
restricted in range, become important only when a certain © pneumato-
Ivtic phase ’ is reached. This phase is often clearly indicated in the
igneous rock itself, and is marked there as one of the latest episodes.
The volatile constituents made part of the magma from the beginning,
and assisted as fluxes and mineralizers throughout its crystallization.
Only towards the close of that process, when the temperature had
greatly declined, did the same substances begin to exercise a destructive
effect upon minerals already crystallized. It was especially at this

115 :
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later staze that the velatils iualie< now liberated as gases. were able
12 rowk=.  Thermal metamorphism proper

in the mwin to an earlier time. when the
her. and we conelude that In general prewinafo-
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;’:,-. i ‘,':;E',’uf;'. ;!,i"l}j:!r}'éd;{f‘iiij_ dged is Nl g g A Yz i#. The geolugical
i< eonvimeinz, It can often be verified that rocks

evideroe of t

hive Fwen deintesl brecciatedl. or faulted in the interval between

metarnornhisiu proper and preumatolyvtie changes.  Again. we see
that o haracter struetures of metamorphisim. such as certain types
of amettingin slites were Inexizrence before pneumatolysis supervened
ared wmught nes chanzes,  On the other hand, if this later action
he of an energetic kinl all recornizable traces of the preceding meta-
morplisn may be lost in a weneral reconstruction of the rock. The
term peeaivl g < 1s then a convenient one as em-
Brucving the final results of the two processes when they are not clearly

3

3!

STV

2l plutenic intrusions are attended by important emanations
of yases. The zenerally accepted scheme of the evolution of different
platonic roeks, in an onler of decreasing basicity and increasing
alkalinitv. Involves alo a progressive enrichment of the later deriva-
tives in volatile copstituents. It is in accordance with this that
grapires apd nepheline-svenites are much more generally attended
by wmmatolytic effects than are rocks of more basie
and caleie nature. The rule which would associate borates and
Suorides especially with the former rocks and chlorides with the latter
buas no more than s loose and general validity.

While the minerals produced in simple thermal metamorphism
Jdraw their material solely from the substance of the rock metamorph-
wsed, pr-unietclvsis introduces an extraneous element in addition.
The eenposition of the new mninerals, or of some of them, depends
now upon two factors. whieh are quite independent. The second
elenzent. though it may be quantitativelv much inferior, sets an
unnyistakable stamp on the whole. since without it the most distinctive
minerals could not be formed. For this reason it will be convenient
to arrange our observations. not primarily according to the original
nature of the rocks affected. but with reference to the particular
preumatolytic agent invoelved.

rtant nn

INTRODUCTION OF BORATES
The mast widespread type of pneumatolysis associated with granitic
—usions is dae to boric emasnations. and takes the form especially of
ization. The characteristic mineral tourmaline is a boro-
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silicate of the type R:By(AlsS1,0,:)(0.0H), in which the principal
hase is alumina, while ferrous oxide, magnesia. soda. manganous oxide,
lime, etc.. are present in varying proportions. Analvses show that
the colourless and red varieties are highly aluminous and contain little
iron or manganese ; the common vellow-brown kind has lower alumina
and is rich in iron ; while blue colours are probably related to a note-
worthy content of soda, and are much less common in metamorphosed
rocks than in granites. .\ mineral so rich in alumina (35 to 40 per
cent.) is naturally associated especially with argillaceous sediments.

FIG. 46.—TOTRMALINIZATION OF METAMORPHOSED SLATES, Cornwall; x 23.

4. Andalusite-Mica-schist, near the Bodmin Moor granite, Blisland. Showing
numerous little erystals of tourmaline. These are mainly derived from biotite, but the
andalusite is also beginning to be attacked. The abundance of white mica is doubtless
another effect of pneumatolysis.

B. Xenolith of andalusite biotite-hornfels enclosed in the St. Austell granite. Show-
ing a more extensive production of tourmaline from both biotite and andalusite. Part
of the quartz is a by-product of the same transformation.

The Devonian slates near the granites of Cornwall and Dartmoor
afford abundant material for study.

The rocks, being already metamorphosed and often in the state
of dense compact hornfels, were not very freely permeable by gases.
Tourmalinization may indeed be found at a considerable distance
from a granite-contact, but only in proximity to tourmaline-quartz-
veins, which mark the channels of supply. The change commonly
begins with the formation of little crystals of tourmaline, enclosed in
those aluminous silicates which could furnish most of the material.
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Biotite i= first artacked. then cordierite and andalusite. and finally
felspaz if present. As the process goes on. the gradual replacement
by tourmualine of the various minerals of metamorphism is very
evident (Fiz. 46). It does not. as a rule. vield sharply defined pseudo-
morphs. and it is clear that there is considerable freedom of diffusion
within the reck—appreciably more than is possible in ordinary thermal
metamorphisii Yellow-brown tourmaline, undoubtedly an iron-
heariny variet v, is seen replacing andalusite as well as biotite. The
tourmaline, moreover. tends constantly to develop its proper crystal

175, 47.—STAGES OF TOURMALINTZATION, in rocks bordering the St. Austell
granite, Comwall; 2 25.

4. The esarliest stage : 8 wmuscovite-biotite-hornfels from Dennis, showing the forma-
ticm of rryetals of tourmaline at the expense of biotite. They occur along a line, which
maarks the SGssure by whirh the gases found entrance.

B. The fipal stage : a tourmaline-quartz-schist from Roche. The fissure of supply is
st3il indasated by a belt of larger erystals crossing the bands.

e. and sometimes shows a zonary distribution of colours, though
this is much less common here than in tourmalinized granites.

Ultimately all the silicates are destroyed, and the final product

of borie preumatolysisin a slate, as in a granite, is a tourmaline-quartz-

rock. Here, however, it may be named a tourmaline-quartz-schist,

for the little prisms of tourmaline have a common orientation, and

are >wded along particular bands (Figs. 47 B; 48 4). This

of old structures shows that the replacement has been

. whelly by molecular and atomic processes. In this last stage,

as in the earliest, the fissure by which the gases found access can often
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be identified (Fig. 47, B). Quartz is abundant in many of these rocks.
It comes in part from the formation of tourmaline at the expense of
Jess basic silicates, in part from the recrystallization of quartz contained
in the hornfels: but it is evident that there has often been also an
introduction of new silica.

The chemical reactions here implied are clearly of a very drastic
kind. Whether there has been any addition of substance, other than
boric acid and silica, it is not easy to pronounce 1. but some removal,
of potash at least, must be assumed. More knowledge is required for

FIG. 48.—TOURMALINIZED ROCKS; X 25.

4. Tourmaline-quartz-schist, enclosed in the Foxdale granite, Isle of Man. The
pearallel arrangement of the tourmaline crystals is well shown.

B. Tourmalinized grit, Cwm Dwythwe, near Snowdon. The clastic quartz is in part
recrystallized, but the tourmaline is mainly confined to the interstices between the grains.

a full understanding of the chemistry of tourmalinization ; but it is
probable that it is due only in part to puneumatolysis in the strict sense.
The first formation of tourmaline in the rock may demand little more
than an accession of boric acid or some volatile borate. The total
reconstruction, which may or may not follow, is perhaps to be assigned
to a somewhat later phase of igneous activity and to the agency of
liquid solutions, to which are also attributable the associated tour-
maline-quartz-veins. In confirmation of this we have the fact that
tourmaline has sometimes been formed in a quartzose grit * or a

* Most analyses of tourmaline, however, show a small proportion of fluorine.

2 Fearnsides, Rep. Brit. Assoc. for 1908 (1909), p. 704 ; Williams, Quart. Journ.
Gedl. Sox., vol. lxxxiil (1927), pp- 3546 (basal Ordovician grits of the Snowdon
district).
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limestoone at a distance from any lrneous intrusion (Fig. 430 B).  This,
it would seem. Is 1o be explaine] only by the hodily introduction of

tourmaline. or at least of the sum-total of its constituents in some

formm,
The conpuem horon-n:ineral in caleareous rocks is ariside.  This
is essentially a borssilivate of caleium. HCa ALB(SIO,) 4, though iron.
Tand masnesium zav also enter. Like tourmaline, it
in evident relation with fssures in the rocks, but it has a more
zed siistribution.  (Good localities are Tregullan. on the northern

Fiii. 40— AXINITE-BEARING ROCKS, Tregullan, S. of Bodmin, Cornwall ; x 25,

0 -

Andradite.Caleir

Trat the Tame? ar
i te & metasmatie oF
of the St. Austell granite and Ivybridge and South Brent,

on the fringe of Dartmoor? The common associates of axinite are
andradite and hedenbergite (Fig. 49), sometimes also epidote and
actinolite, and rarely some tourmaline. Axinite is produced, not only
in calearecus sediments. but often also in basic igneous rocks, which
have been metamorphosed within a granite-aureole (compare Fig. 5, 4,
above). Such rocks may have suffered alteration, with formation of
caleite, prior to metamorphism. In them, as well as in lime-silicate-
rocks. it is not uncommon to find slender veins or strings of axinite,
doubtless representing caldite veins. A much rarer mineral, with

and Thomas, Min. Mag., vol. xv (1908), pp-
*Busz, New. Jb. Min., Beil. Bd. xiii (1900), pp. 125-32.
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the same association as axinite, is datolite. Ca(BOH)Si0, It is
recorded by Busz at South Brent in Devonshire.

INTRODUCTION OF FLUORIDES AND CHLORIDES

In argillaceous rocks pneumatolytic metamorphism by the agency
of fluorides is less prominently in evidence than that due to horates.
but it plays a part by no means negligible. In plutonic rocks them-
selves, such as the Cornish granites. greisenization represents an action
no less energetic than extreme tourmalinization, but its operation is
more restricted. Topaz. so highly characteristic of the greisens. does
rot figure in metamorphosed sediments, except in injection-veins at
an actual contact. The more easily transported fluor has a wider
distribution of the same kind, but its relation to any particular intrusion
is not always evident. The most usual repository of fluorides intro-
duced into metamorphosed slate-rocks is to be seen in the white micas
which have often been developed abundantly in the vicinity of a granite
or greisen. The production of white mica at the expense of such
minerals as felspar. andalusite, and cordierite is a reversal of the
processes by which those minerals were built up in thermal meta-
morphism. and points clearly to the intervention of a different factor.
It is to be observed especially in the inner aureoles of muscovite-
bearing granites, such as those of Cornwall, Dartmoor, Skiddaw, and
Leinster.

It is to be regretted that we possess little knowledge concerning the
nature of micas occurring in this manner, and more particularly their
content of Aluorine. Muscovite is found, sometimes in great abundance
(Figs. 46, A, 50,C); but more commonly the little flakes show the
lower refractive index and weaker birefringence which are the pro-
perties of lepidolite, and may be provisionally distinguished by that
name. The lepidolite of the mineralogists contains 5 per cent. or more
of finorine, with 4 or 5 per cent. of lithia, and has silica nearly in the
metasilicate ratio. Whether our mineral can be identified with this
must, however, remain a doubtful question. Often the flakes are so
woven into the texture of a hornfels that their formation must have
been part of a total reconstruction of the rock (Fig. 50, 4). In other
cases the structures of thermal metamorphism are only partly oblite-
rated, and the mica—usually in very fine scales—can be seen replacing
the crystals of cordierite, etc. The magnesia of cordierite and biotite
gives rise to chlorite, mingled with the mica (Fig. 50, B).

The not infrequent occurrence of abundant white mica in meta-
morphosed slates which are also partly tourmalinized may be taken to
indicate the joint action of fluorides and borates. Muscovite-tour-
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¢hist< appeedr to be pot uneomnion in the Land's End districr
o Carnwail
It 1=, however. I those Zetdinel

i

rocks which represent

intpaure ninmnne~ atwl mueresian limestones that the presence of
fuorine most often reveals imelf by the oceurrence of distinetive
minerals.  The most widespread of these is the mica phlogopite.  The

variety has, .ioi‘('tmim'»’ to Clarke. the ideal composition
H, KM ABSIO, . with partial replacement of H by MgF. while
vellow ami brown colours indicate sume content of iron.2  The fluorine

3 Ji——xna\mxmoqn SLATES RICH IN WHITE MICA; 3 23.

> 1o the greisen of Grainsgill, Cumberland : composed of
qnartz and pyTites. .

d sordierite-mica-schist, near Bodmin, Cornwall : now
Alorite, with a litie quartz.  The original schistose structure

‘st twenly Qe from granite. Warleggon, Cornwall : mainly of
-~ and guartz ; on the right a string of erystals of brown tourmaline.

may amount to as much as 4 or 5 per cent. Phlogopite is found in
flakes scattered through a marble or as one among other minerals in
a lime silieate rock {Figs. 51,.4.52). An interesting group of magnesian
Bunstlicates is that which includes chondrodite, humite, and clinohumite,
Only the first of these is a common mineral, and the last is rare.
the composition of the three minerals :

Chondrodite, Mg (MgF),(Si0,), ;

Humite, Mg (MgF)y(Si0y)s 5

Clinohumite, Mg;(MgF),(Si0,),;

2Geel. Land's End (M Geol. Sur., 1907), p. 26.

formula with replacement of OH by .
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we mayv regard them as arising from the union of one molecule of
magnesium fluoride with two, three, and four molecules of forsterite,
respectively. This does not., of course, assume that the fluorine
entered the rock in the form of magnesium fluoride. A frequent
associate both of phlogopite and of chondrodite is a blue or green
Jfuor-apatite. The ideal compound Ca,(CaF)(PO,); carries 3-8 per cent.
of fluorine. but some part of this may be replaced by chlorine.

The calcium fluosilicates are rare minerals. Of these cuspidine
has probably the formula Ca,Si,O0:F,, while in custerite part of the

FEG. 51.—METAMORPHOSED AND PNEUMATOLYSED LIMESTONES, Grange Irish,
near Carlingford, Co. Louth; x 23.

4. This shows a concentric arrangement of the new minerals, consequent upon an
original nodular structure. A large flake of phlogopite is surrounded by calcite, then by
idocrase, and finally by diopside.

B. Monticellite-Calcite-rock, with little octahedra of nearly opaque (deep green)
plecnaste and a few small flakes of phlogopite. Some custerite and phlogopite occur
elsewhere in .the slice.
fiuorine is replaced by hydroxyl. The latter mineral, first known from
American localities,* occurs locally in some abundance in the Carling-
ford district of Ireland.2 Here it is associated with phlogopite, ido-
crase, monticellite, calcite, pleonaste, and apatite (Fig. 52). Probably
the custertite, like the monticellite (Fig. 51, B), is a metastable form
indicative of failure to reach equilibrium; and this is in accord with
the varied diablastic intergrowths and poeciloblastic inclusions of the
several minerals, pointing to a hasty crystallization of the whole.

1 Umpleby, Schaller, and Larsen, Amer. J. Seci. (4), vol. xxxvi (1913), pp-
385-94; Tilley, Geol. Mag., vol. Ixv (1928), pp. 371-2.

* Osborne, Geol. Mag., vol Ixix (1932), pp. 61-2, 219-20, 225-6.
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Toie- cesewiations aml relative proportions of the niinerals vary greatly
frory peint te peint in the rock.

hierine enters exveptionally and in sall amount into the composi-
siom of various comnenuinerals of thermal metamorphism.  Idocrase
fremn Vesuvigs contains abour 1 per cent. and analyses of amphiboles of
various Girsls peveal traces of Suorine.  Moreover, it is not impossible,
even whers ne fuoride i now 1o be detected. that it may have played
a part as a °mineralizer . perhaps determining the formation of an
az{apizi’é wde razher than a pyroxene 'or idocrase rather than grossularite.

4 B
Fit;. 32— TSTERITE-BEARING ROCKS, Grange Irish, near Carlingford, Co. Louth ;
- 230
ropite-Custerite.rvk.  The custerite is of xenoblastic habit, and
eon the idocrase crystals. i
1rze erystals of idocrase and phlogopite. The rest is an
Baoth phlogopite and custerite enclose very abundant

Idsrrass-Phls

AT

T P raste,
The pneumatolytic action of chiorides is shown principally in the
production of seqpolies in limestones. The minerals of this group
constitute an isomorphous series parallel with that of the plagioclase
felspars. and having as end-members:
Marialite. Na (AIC1)AL(S1,04); = Ab, NaClL
Meionite, Ca AlCO,)Al;(Si0,)s = An;.CaCO,;
while sulphate may also enter in the compounds Ab,Na,SO, and
An,.(a380,* The conversion of plagioclase to scapolite may often
# Von Eckermann, however, has described, from Mansjd in Sweden, a diop-
side centaining 0-63 per cent. of fluorine : Geol. For. Stock. Forh., vol. xliv (1922),

i, Zeits. Kryst., vol. liv (1915), pp. 238-60.
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be ohserved in progress (Fig. 53. 4) : but other lime-aluminosilicates.
such as idocrase and grossularite, may also be scapolitized. so that the
process sometimes affects the chief bulk of the rock (Fig. 53, B). The
chloride enters into actual combination with the albitic constituent
of the felspar only, but by its influence as a * mineralizing agent * the
varions lime-aluminosilicates become converted to meionite. The
scapolities are idioblastic towards calcite and felspar, but xenoblastic
towards the other lime-silicate minerals. Good illustrations of
scapolitization are afforded by the Deeside limestone.?

FIG. 53.—SCAPOLITIZED LIME-SILICATE-ROCKS, Etnich, near Deecastle, Aberdeen-
shire ; x 23.
4. Plagioclase felspar is seen on the left in process of replacement by scapolite, which
occupies the centre of the field. The other minerals are grossularite and (abov-ej idocrase.
B. Here scapolite fills most of the field, with diopside and some wollastonite. Else-
where in the slice are grossularite, idocrase, and plagioclase.

A common associate of scapolite is apatite. In contradistinction
to that which accompanies chondrodite and phlogopite, it is in the
main a chlor-apatite. In both cases the mineral often occurs far too
abundantly to be accounted for as part of the original substance of
the rock, and we are led to the conclusion that there has been an
introduction of phosphate, or rather of phosphorns in some volatile
form. We may suppose this to react with water:

PCl, + 4H,0 = 5HCl + H,PO,,
the acids so produced then entering into reaction with some of the
silicates present.
! Hutchison, Zrans. Roy. Soc. Edin., vol. lvii (1933), pp. 581-2.
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INTRODUCTION OF JULPHIDES AND OF IRON COMPOUNDS

Various sl phiale minerals have a pneumartolytic or post-pneumato-
Ivtie origin.  An interesting speeial case is that of lapis lazuli, which
Brissser aned Biiekstrom * have shown tobe a metamorphosed dolomitie
lmestone.  The blue lasurite. which is its distinctive mineral. is one
of the sodalite group. which the authors regard as alkali-garnets, and
thew assirm to it the fornaula Na(AIS;Na)AlL(Si0,),. Pyrites is one
oof the associate:d minerals.

. 54.—VARIETIES OF ‘SKARN . FROM the Oslo district ; x 25.

n>-biende-Skarn. Nysaeter, near Grua. The opaque octahedra
Te. Valrite and a linle quartz oceur interstitially.
sther types have be=n described by Goldschmidt .

More important are the ore-deposits found in some districts at the
contact of limestones with granite and other plutonic rocks. These
are the slwri of Scandinavian geologists and the ©garnet-contact-
zones ' of some American writers. Here sulphides of iron, zine, lead,
and copper. and in other occurrences magnetite, are associated with
Lime-silicates. chiefly garnet and pyroxene (Fig. 54). Kemp showed
that the garnet is always of a variety rich in iron, containing up to
B0 or Wi per cent. of the andradite molecule, and in like manner the
pyroxene is near hedenbergite in composition. The iron in these
zilicates has elearly been derived from the igneous intrusion, which is
equally the source of the ore-minerals. It is significant that these
deposits are found in connexion with limestones, and that the ore-

' Zeits. Kryst., vol. xviii (1890), pp. 231-75.



SCLPHIDES AND IROXN COMPOUNDS 127

minerals have the appearance of replacing part of the substance of the
limestone itself. The explanation of this is that an impure limestone
suffers a very considerable diminution of volume when converted to
an aggregate of garnet, pyroxene, wollastonite, epidote, ete. Accord-
ing to Barrell,! the shrinkage is as much as 30 or 40 per cent. of the
volume. Allowing for the effect of pressure, it may still be believed
that such a rock is sufficiently porous to give ready access to an
invading fluid.

VWhether the introduction of iron compounds into limestone rocks
bordering a plutonic contact is truly a pneumatolytic process, is a
question which has been debated. Goldschmidt 2 has suggested that
the iron is introduced as a volatile chloride or fluoride, which reacts
with caleite :

Fe,Cl; + 3CaCO, = Fe, 0, + 3Call, + 30,.

The chloride or fluoride would then go to make scapolite or fluor ;
minerals which are indeed found, but not generally or in abundance.
Indeed it is clear from the descriptions of ores of this class in various
countries that the presence of the ordinary pneumatolytic minerals
is not usually a prominent feature. It is probable that the iron, ete.,
are introduced, not in gaseous form, but in liquid solutions at a some-
what later stage, and this is the view of most American geologists
who have studied such occurrences.

The skarn type of metasomatism is found at numerous British
localities, but usually as a narrow belt and with little of the impregna-
tion with sulphides. Andradite-hedenbergite-rocks occur on the
border of the Dartmoor granite 3 (Fig. 55). At Tregullan, near Bodmin,
too, lime-silicate rocks, carrying zinc-blende, contain a yellow garnet
of andradite composition.? In both cases borate minerals are also
present (p. 120), and it is evident that the sequence of processes
following the intrusion of the granite falls into three stages : (i) thermal
metamorphism, (ii) pneumatolysis, (iii) invasion of iron-bearing
solutions and introduction of sulphides. The occurrences described by
Osborne 3 in the Carlingford district are especially instructive. Here
the thermal metamorphism proper is due to an intrusion of eucrite,
but the iron-bearing solutions were derived from a subsequently
intruded granite magma. The conversion of grossularite to andradite
and of diopside to hedenbergite begins at numerous isolated spots in

* Amer. J. Sci. (4), vol. xiii (1902), pp. 279-96.

2 Vidensk. Skr., 1911, No. 1, p. 214.

3 Busz, Neu. Jahrb. Min., Beil. Bd. xiii (1900), pp. 125-31, with analyses.
% Barrow and Thomas, Min. Mag., vol. xv (1908), p. 118.

3 Geol. Mag., vol. Ixix (1932), pp. 226-7.
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et amoride b porks wt smne Jittle distance from the igneous

D4 Th 8

e aetual enntact these changes are complete @ hut the

e saiso reaeterl Wi

resilual caleite to produce the same
e dronesieates, and 17 i evident that there has been some accession
4ok wellasof iron-oxdies.  Any wollastonire that may be present

Tl !

aml, Sulphides are represented only by a little pyrires,

N OF =0DA

Ansther tvre of metasomatisin brought about by the agency of

Fii. 33, —LIME-IEON-SILICATE-RocKS. Alsh. near South Brent, in the aureole of
the Dartmoor granite; 2 23.

: eompossd mainly of large erystals of garnet, which in polarized

reong brefring-nee atd poly=ynthetie twinning.  The marginal part of

2nary growth, and the interior encloses erystals and grains of heden-

r intertitial mineral is quartz, A

ite-rock, partly with a radiate grouping of slender prisms.

Hquid solutions of magmatic origin is that which involves an accession
of sula or of sodic compounds. A tvpical case is the albitization of
the rocks bordering certain basic intrusions, whereby an argillaceous
sediment is converted to an adinole. The igneous rocks responsible
for this transformation are themselves rich in soda, and are generally
interpreted as normal dolerites which, after their first consolidation,
have been albitized by the action of ‘juvenile” liquid carrying sodic
eompounds. The same liquid solutions have invaded the adjacent
rocks for a few feet from the contact, not merely along fissures but by
intimate permeation. and have there brought about metasomatic
of a radical kind
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The classical examples of adinoles are found in the Harz.! but
comparable phenomena are known in many other districts.? The
best British adinoles are in the Devonian slates of North Cornwall at
their contact with sills of albite-dolerite ® (Fig. 56). The common
type has the appearance of a chert, and in thin slices shows a very
fine-grained texture; but there are coarser varieties, including one
made up chiefly of spherulitic growths of albite crystals. The Cornish
adinoles which have been analysed consist almost wholly of albite.
Those of the Harz, although derived from similar slates. are albite-

FIG. 56.—VARIETIES OF ADINOLE, from Dinas Head, near Padstow, Cornwall ;
X 25.
A. Essentially a very fine-grained aggregate of albite : the original lamination of the

slate is still indicated.
B. Containing a considerable amount of calcite in a network of veins. The albite

bere is in larger crystal-grains.

C. Showing a spherulite made by a radiate grouping of albite erystals. The opaque
substance is white or yellow by reflected light, and is perhaps leucoxene : some chalybite
is also present.
quartz-rocks with a variable proportion of other minerals, such as
chlorite, epidote, actinolite, and iron-ore, sometimes with sphene or
rutile. In a recent paper on the adinoles of Dinas Head in Cornwall,
Agrell + distinguishes four main types: (i) Normal adinoles—grading

t Kayser, Zeits. Deuts. Geol. Ges., vol. xxii (1870), pp. 103-78; Milch, ibid.,
vol. Ixix (1917), pp. 349-486.

2 An interesting occurrence in Michigan is described by Morgan Clements,
Amer. J. Seci. (1), vol. vii (1899), pp. 81-91.

3 Howard Fox, Geol. Mag., 1895, pp. 13-20 ; McMahon and Hutchings, ¢bid.,
PP 257-9.

4 Min. Mag., vol. xxv (1939), pp. 305-36.

¥—9 :
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i

inte rorks compoesed essentiully of dravite (magnesian tourmaline;).
ti3; Adinoles with psendomorphs  probably  afrer andalusive. (i)
Addinssles with siohular masses of ankerite. showing concentric struc-
trres. fivi Polymnal and spherulitic adinoles.

The aulinole Transformation. like ordinary thermal metamorphism,
bewirss at isolated puints within the rock. If it is arrested at an early
stase. thete resulis the peculiar type of f spotted slate known as spzloszte_
The spots may be seen 1o consist of albite. chlorite, and quartz, while
the surroursiiny martrx is still mainly sericitic. In a more advanced
stage the spurs‘ are composed essentially of granular albite, while the
wmatrix is of quartz, albite. chlorite, actinolite, ete.  Sometimes the
change besins, not in distinet spots. but along selected seams of the
sediznent. »«_rivin:.g a #izely banded structure (* desmoisite ).

The chemistrv of the process presents a problem of some difficulty,
bt it is evident that a very radical replacement is implied. Besides
additin of soda and siliea, there has been a removal of magnesia,
iron. and pu:a:h. Lime is probably removed also; but albitization

nav be fellowed by carbonization, likewise due to magmatic emana-
sions. and caleite, ankerite, or chalybite is conspicuous in some adi-
noles.  The replacement of substance must have been effected molecule
by maclecule. for the original lamination is not obliterated. The most
essential change is the accession of soda, which may be regarded as
zaking the place of potash. The simple constitution of the Cornish
adioles suggests an introduction of albite per se, while in the Harz
a variable amount of silica has also been added. That albite may be
intreduced bodily into a rock seems to be indicated by its manner of
oecurtence in certain limestones.2 A good example has been described
by Lacreix 3 in the Pvrenees. The erystals show a variety of habit
unlike anything seen in thermal metamorphxsm They are associated
with phlogaplte, chlorite (leuchtenbergite), pyrites, quartz, and sphene
{Fiz. 57. 4). The type of metasomatism of which adinole represents
the extreme product, viz. an accession of soda which, now at least, is
cortained in albite, is a widespread effect at the contact of argillaceous
rocks with dolerite sills. Tt is well shown near the Whin Sill in Tees-
dale,* and about Tremadoc and elsewhere in North Wales.5 It is to
be suspected whenever chemical analysis shows a marked preponde-

writers have applied this name more generally to spotted slates,
without reference to albitization.
# Spencer. Min. Mag., vol. xx (1925), pp. 365-81 (Bengal).
2 Bull. Carte Gicl. Fra., vol. vi, No. 42 (1895), pp. 85-6.
aings. Geol. Mag., 1895, pp. 122-31, 163-9.
British Petrography (1888), pp. 217-21.
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rance of soda over potash. Not only basic, but sometimes acid igneous
rocks. themselves rich in soda, may be attended by like effects. Gold-
schmidt has noted several instances at the contacts of nordmarkites
and soda-granites in the Christiania district.

Metasomatism by the agency of soda-bearing solutions has also
been invoked to account for the production of paragonite. Such is
the contention of Killig ? in the case of the Ochsenkopf in the Saxon
Granulitgebirge, but the evidence adduced is not wholly convineing,
Here again the action premised is of a very drastic kind, not merely

FIG. 57.—ALBITIZED ROCES; X 25.
. Albite crystals in metamorphosed Jurassic limestone near contact with lherzolite,

Roe Tourné, Modane, Hautes Pyrénées.
B. Quartz-Glaucophane-schist, Ollard, New Caledonia. Crystals of glaucophane,

large and small, are embedded in a mossic of albite and quartz.

potash-mica but a phyllite as a whole being converted to paragonite.
Connected apparently with the same process, there has been also an
introduction of sulphide-cres.

In some cases there has been an introduction of ferric iron, as well
as of soda and silica. Thus, in the sericite-phyllites of Winterburg in
the Hunsriick * there has been an abundant production of a soda-
amphibole (crossite). There are indications that this preceded the
injection with albite. An introduction of soda-bearing amphiboles,
and more rarely pyroxenes, is found also in some metamorphosed
arenaceous rocks. (foldschmidt 3 has observed this effect in a lenticle

1 Mitt. Nat. Ver. Greifswald, 1912.

2 Chudoba and Obenauer, Neu. Jb. Min., Beil. Bd. Ixiii, A (1931), pp. 77-80.

3 X Jb. Min., Beil. Bd. xxxix (1914), pp.
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of sandstone enclosed in a pegmatite dvke in the Langesundsfjord.
The prrcentage of suda Las been raised from 0-89 to 3-47, and ferrie
pxide has probably been added also. ‘\Ior‘e remarkable are the quartz-
e v phats -sefeist s Washington ! has pointed out that gl:jxucophane_
schists in general fall into two muain groups. Those of basic composi-
tivn represent igneous rocks modified by regional metamorphism.
The rarer Type with a high silica-percentage (75 to 80 or more) comes
from metasomatic transformation of siliceous sediments. In Cali-
fornia not only sandstones but radiolarian cherts are proved to have

LTAE-SILICATE ROCES, Pollagach Burn, near Cambus o’
May, Aberdeenshire; x 23.

iz, 58—
4. The coarssly erystalline prehnite. making more than half of the rock, comes in the

sin fromm lime-felspar and perhaps iducrase, but grossularite is also being attacked.
Dicpside remains untouched. but wollastonite is represented by pseudomorphs in caleite.
F. This shows the common tendency of prehnite to sheaf-like and radiate-fibrous
erysmailization. The other mirerals are diopside and a few dodecahedra of grossularite.
suffered this change. The rocks consist essentially of quartz and
glaucophane with or without albite, and the percentage of soda may

range as high as 6 (Fig. 57 B).

OTHER METASOMATIC CHANGES

Here should perhaps be included certain metasomatic trax

tions in which heated water, of magmatic origin, seems to have
the sole agent, or is at least the only one which has left direct evidence.
Among processes which may be attributed primarily to this hydrolytic

J. Sci. (4), vol. xi (1901), pp. 35-59.
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action is the preAnitization * of various lime-aluminosilicates. In some
localities, always in the mear neighbourhood of a plutonic contact,
this destructive action has been carried far, even in the extreme case
to the reduction of the whole rock to an aggregate essentially of
prehnite and quartz. Any lime-felspar present is first converted.
Anorthite. however, has a lower ratio CaO:AlLO, than prehnite,
and accordingly, unless calcite be present, the more calcic minerals
are attacked in their turn, viz. idocrase and then grossularite. The
pon-aluminous silicates, diopside and wollastonite, are exempt, but
there may be a simultaneous replacement of wollastonite by calcite
(Fig. 58).

It is well known that some geologists attribute far-reaching conse-
quences to the agency of magmatic solutions as introducing, not only
silica, soda, and iron-compounds, but alumina, magnesia and potash.
The French school, and Lacroix in particular, have attached great
importance to this metasomatic element as applicable to metamorphism
on an extensive scale. It has also been invoked as an important
factor by Adams and Barlow in Canada.? This is not the place to
discuss a question which turns largely upon the interpretation of
field-evidence, but one general consideration may be recalled. The
normal course of crystallization in a cooling igneous rock-magma is
now sufficiently well understood in its main lines. It enables us to
account for the concentration in the final residual magma, in different
cases, of soda or silica or iron compounds, as well as an enrichment
in water and other volatile bodies. Magnesia, on the other hand, is
selectively taken out in the earlier stages of crystallization to make
olivine and pyroxenes and, it may be, later for amphibole and biotite
(perhaps at the expense of the former minerals), with the result that
the residual magma in the final stage is normally devoid of magnesia.
This is not to be forgotten when magnesian solutions, of magmatic
origin, are invoked to explain dolomitization or to account for the
production of abundant biotite and hornblende in a supposed pure
limestone.

Perhaps the strongest case for recognizing metasomatic changes
of this kind is the abundant production of such magnesian minerals
as cordierite and anthophyllite in some aureoles of metamorphism.
A standard instance is that described by Eskola 2in the Orijirvi

1 Compare Hutchison, Trans. Roy. Soc. Edin., vol. Ivii (1933), pp- 575, 583-6
{Deeside Limestone).

2 Geology of the Haliburton and Bancroft Areas (Mem. No. 6, Geol. Sur.
1910).

2 Bull. No. 49, Com. Gél. Finl. (1914), pp-
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of Southern Finland. Here anthophvllite-cordierite-rocks and
i types have heen produced in the " leptite " formation bordering

an intrusien of oligoclase-uranite. There is evidence of the replace-
wierit of lme and alkalies by jron-oxides and magnesia. and this is
attributed To the action of emanations from the granite-magma.

It must be recommized. however. that. in other occurrences, drastic
chanyes of bulk-composition have been brought about in the near
vieinity of a plutonic intrusion by the agency of heated water alone.
An instruetive example is that of certain greatly altered dolerites near

FIG. 50.— ANTHOPHYLLITE-CORDIERITE-ROCKS, Kenidjack, Cape Cornwall ; x 23.

slurnrar erystalsandslender needles of anthophyllite are embedded in a mosaic
te. Tie enly other constituents are a few crystals of pleonaste and magnetite
ap<d thin plates of ilmenite preserving their original position.
B. Here the anthophyliite has the radiate-fibrous habit. Magnetite is rather
t. espeecially interposed between anthophyllite and cordierite.

the Land's End granite of Cornwall® These, prior to metamorphism,
had suffered shearing. and the metamorphosed rocks show in conse-
quence a banded structure, with much variety in the different bands.
The simplest type consists essentially of a green aluminous hornblende
with plagioclase. In other associated rocks, however, hornblende
gives place to one of the non-calcic amphiboles, cammingtonite and
anthophyllite, and plagioclase is represented by cordierite, a charac-
teristic type being an anthophyllie-cordierite-rock (Fig. 59). Other
significant minerals which may enter are pleonaste and diaspore.
IImenite and apatite occur as residual elements.

and Flett, Sum. of Progr. Geol. Sur. for 1929, Part IT (1930), pp.
2441 ; Tilley, Min. Mag., vol. xxiv (1935), pp. 181-202.
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The loss of lime, which is here the most evident chemical change,
might conceivably be due to weathering of the dolerite. and this
would automatically raise the proportion of alumina, magnesia. ete.
Tilley has. however. made it clear that the more remarkable of these
metamorphosed rocks have no equivalent among known products of
atmospheric weathering. Analyvses indicate. in different cases, in
addition to and compensating the abstraction of lime. an accession of
silica. iron-oxides, magnesia. and potash. These substances, never-
theless. were all contained in the original dolerite, and only the redis-
tribution of them is ascribed to the agency of heated water from the
granite magma.






PART II
DYNAMIC AND REGIONAL METAMORPHISM

CHAPTER X
STRESS AS A FACTOR IN METAMORPHISM

Analysis of Strain and Stress—Influence of Stress on Solubility—Influence of
Stress on Chemical Reactions—Stress- and Anti-stress Minerals.

ANALYSIS OF STRAIN AND STRESS

WHEN rocks suffer metamorphism in response to rise of temperature
under the relatively simple mechanical conditions hitherto assumed—
viz. under no external force other than hydrostatic pressure—there is
no deformation of the rock-masses affected. There may be a uniform
compression, but, except in certain special cases (p. 127), the actual
diminution of volume is not important. The internal stress experi-
enced under such conditions is primarily a mere uniform pressure.
It is true that in theory some shearing stresses must always be set
up in addition, both by the compression of a heterogeneous mass
(p- 6) and as a consequence of crystal-growth (p. 33) ; but such stresses
are in great measure automatically relieved by the co-operation of
causes already indicated.

In metamorphism of the most general kind, with which we are
now concerned, these factors making for simplicity are no longer
present. Rock-masses, at some lower or higher temperature, are
subjected to external forces which are different in different directions,
e.g. to a lateral thrust. They yield in greater or less degree according
to the magnitude of the forces and the resistance of the rocks (at the
given temperature). In so far as they yield, they suffer deformation.
In so far as they resist, internal shearing stresses are set up; and
these stresses, being maintained or renewed so long as the external
forces are operative, attain a magnitude far beyond anything that is
possible in simple thermal metamorphism. The hydrostatic pressure
may be very high at the same time, but is not necessarily so.

Since we meet here with conceptions, both geometrical and

137
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rie-hanical. not hitherto encountered. it will be convenient to begin
fw recalling brieflv some of the principles involved.

i Ideally. deformation of a solid body may be continuous or dis-
continuous. the larter term: implving finite slipping of one part against
another. Le. internal faulting on a small scale. The distinction which
we shall acrually make is indeed one of degree rather than of kind ;
for strictly continuous deformation. such as is shown by india-rubber,
is searcely possible in a rock composed of discrete elements. Deforma-
tion: of a plastic cdlay is. however, continuous to the eye, and we shall
see that concurrent physical and chemical changes may confer a
messure of effective plasticity even on a crystalline rock. We shall
accorniingly begin with a simplified discussion of deformation, or in
mathematical phrase strais. of a continuous or quasi-continuous kind.
The external forces which set up the strain and the internal stresses
thereby called into play are not at present in question, the treatment
being purelv geometricall

In a large bodv strain is not necessarily uniform throughout ; but
it is semsibly so for anyv small part of such body, and we shall confine
our attention to this case. In general a strained body suffers both
change of volume and change of shape. and these can be considered
separately. There are accordingly two fundamental types of strain :
(ij a uniform contraction or elongation in all directions (change of
volume onlv) and (i) a simple shear (change of shape only). The
former needs no description. It may be a purely mechanical effect
or an inecident of chemical reactions in the rock. The diminution of
volume is small. except where there is actual loss of material, as in the
squeezing of water out of a clay or the expulsion of carbon dioxide
in the metamorphism of an impure limestone.

The simple shear ? calls for a more particular consideration. It is
most easil pictured as the type of strain by which the cube of Fig. 60
is deformed into the oblique parallelepiped of Fig. 61. Here each
horizontal plane in the body, without suffering distortion, is displaced,
relatively to the base. in the direction DC through a distance pro-
portional toits height above the base. The ratio DD’ : AD, or tan 6,
measures the ‘amount of shear’. The character of any strain is,
however, most completely and conveniently expressed in terms of the
*strain-ellipsoid . ie. the figure into which a sphere in the unstrained

* For a full analysis of strains and the correlated stresses see Thomson and

Tait’s Natural Philosopky ox other work of reference.
2The term is here used in the mathematician’s sense. As such it was intro-
into geological literature by Fisher, but it has since come to be more
aployed, 50 as to include deformation which is essentially discontinuous.
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hody becomes deformed. Let 7 be the radius of the sphere and «. b, c,
the greatest, mean. and least semiaxes of the ellipsoid. « and ¢ Iving
in the plane of the figure and b perpendicular to it. Then every Tine
in the body parallel to « has been elongated in the ratio « : r, and
every line parallel to ¢ has suffered a corresponding contraction. The
ratioa :r = r : ¢ = s 1s called the ‘ ratio of the shear . and the amount
of shear is connected with this by the relation tan § = s — 1 &.
Since all particles in the body are displaced in planes parallel to
that of the figure (called ‘planes of shearing '), any line perpendicular

’

C

A <=— BA B

FI6. 60.—SECTION THROTUGH A FIG. 61.—~THE SAME DEFORMED BY UNIFORM
CUBE, PARALLEL TO OXE PAIR SHEAR PARALLEL TO THE BASE.
OF FACES.

to these planes is unchanged in length, and the mean semiaxis b = 7.
The relation ac = r2 or abc = r® expresses the fact that there is no
change of volume.

The greatest axis is inclined to AB at an angle ¢, such that cot ¢ = s.
Now an ellipsoid with three unequal axes has two sets of plane circular
sections, parallel to the mean axis and symmetrically inclined to the
other two. One set is evidently given by horizontal planes, which
are ‘ planes of no distortion ’, and the other set must be equally inclined
to @ on the opposite side. Consider first a shear of infinitesimal
amount : then s differs only infinitesimally from unity, and ¢ = 45°.
It follows that everything is symmetrical about the diagonal AC; the
second set of circular sections is vertical ; and it is indifferent whether
the infinitesimal displacement was made parallel to AB or to AD.
In either case the effect of the shear is equivalent to a certain elongation
parallel to the diagonal AC with a compensating contraction parallel
to BD. If now we suppose shearing to continue, so as to bring about
deformation to any finite extent, it is evident that this may be con-
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duzcterd upon more than one plan. We may distinguish two cases, both
of which have their application to the deformation of rock-masses :

(i) First suppose AB held in a fixed position—say horizontal —
and DC dragged continually to the right. As this goes on, the strain-
ellipsoid is continually becoming more elongated and narrowed, and
its ereatest axis is rotated towards the horizontal ; ie. s increases
and rhe angle 4 continually diminishes.

{iis Next suppose instead that the axes of the strain-ellipsoid are
fixed in direction—say with the greatest axis vertical (Fig. 62). We

?ia, B2 —DIAGRAM TO ILLTSTRATE CONTINUED SHEARING BY LATERAL CON-
TRBACTION AND VERTICAL ELONGATION

have seen that an infinitesimal elongation in the direction of e with
a compepsating contraction in the direction of ¢ is equivalent to a
certain shear, the planes of no distortion being those parallel to HH
and H'H'. making angles of 45° with the axes of the ellipsoid. Evi-
dently continued elongation and contraction on the same lines will
be eqjuivalent to continued shearing. Planes parallel to HH and H'H’,
fixed in space but not fixed with reference to the body undergoing
are at every stage planes of no instantaneous distortion,

the eircular sections, parallel to KK and K'K’, are planes of no

distortion.



